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ABSTRACT
This thesis is concerned with the study of deep energy levels in ion 
implanted gallium arsenide (GaAs) using deep level transient spectroscopy 
(D.L.T.S.). The D.L.T.S. technique is used to characterise deep levels in 
terms of their activation energies and capture cross-sections and to deter­
mine their concentration profiles. The main objective is to characterise 
the effects on deep levels, of ion implantation and the related annealing 
processes. In the majority of cases assessment is carried out using Schottky 
barrier diodes, these being appropriate to the study of majority carrier 
traps.
Low doses of selenium-ions 1 to 5xl0^^cm”^ are implanted into vapour
phase epitaxial (V.P.E.) GaAs and the effects of post-implantation thermal
and pulsed laser,annealing are compared. In the former case there is no
significant change in the total trap concentration as a result of the complete
process of implantation, silicon nitride encapsulation, and thermal annealing
at 900°C. In contrast, pulse laser annealing at an energy density of 
“20,5 J,cm using a Q-switched ruby laser, introduces high concentrations of 
traps within the region of melting,
12The process of oxygen implantation with doses in the range 1x10 to 
5xl0^^cm  ^ followed by thermal annealing at about 750°C, introduces a deep 
level at 0.79®V from the conduction band. Oxygen implantation, at doses of 
5x10 cm , into V.P.E. GaAs produces a significant increase in the concentra­
tion of the A-centre (0.85eV), The measured total trap concentrations however, 
do not account for the compensation of the free carriers.
High doses of zinc (lO^^cm are implanted into n-type V.P.E. GaAs to 
form shallow p-type layers. The resulting p**"-n diodes are used to study 
minority carrier traps using a forward bias injection pulse.
(ii)
The D.L.T.S. system described in the text is used to measure levels 
in the range 0.16 to l.leV (for GaAs) with a sensitivity of the order 1:10^, 
Modifications to this system, based on the 'Miller' correlator, result in 
improvements in both the sensitivity and resolution.
(iii)
ACKNOWLEDGEMENTS
The author wishes to thank Dr. B.J, Sealy and Professor K.G.
Stephens for their invaluable help and guidance throughout this work* 
Financial assistance was provided by the U.K. Science Research Council 
and is gratefully acknowledged.
It is a pleasure to acknowledge the help of colleagues; in 
particular advice from Dr. M.H. Badawi and discussions concerning the 
signal processing with Mr, M.S. Hodgart. Technical assistance was provided 
by Mr. N, Barrett with the Si^N^ depositions, Mr. F. Keitch with workshop 
support, and Mr, J, Mynard and staff of the accelerator laboratory 
concerning the implantations. The correlators referred to in the text were 
constructed in the electronics workshop under the guidance of Mr. M, Blewett.
The author is indebted to Professor J.C. Walling of Philips Research 
Laboratories for the use of their ultrasonic bonding facility and to Dr. J.M. 
Shannon (Philips Research Laboratories) for his interest and invaluable 
advice concerning this work.
Finally, thanks are due to Veronica Sealy for the typing of this
thesis,
(iv)
To my parents
(v)
CONTENTS
CHAPTER 1 INTRODUCTION
1,1 GaAs device fabrication 
-1.2 Deep levels in semiconductors 
— 1,5 Transient capacitance spectroscopy 
— 1.4 Objectives and summary of contents
Page
1
1
3
5
6
CHAPTER 2 CHARACTERISTIC PROPERTIES OF DEEP LEVELS
—  2.1 Defects in semiconductors
— 2.2 Characteristics of deep levels
—>-2.5 Capture and emission processes
2,4 Generation, recombination and trapping 
centres
11
11
13
13
20
c h a p t e r 5 MEASUREMENT OF TRAP PARAI«iETER3 USING
CAPACITANCE METHODS
— 5»1 Properties of p-n and Schottky barrier 
junctions
^5'2 Capacitance measurement techniques
- 3*3 Influence of deep levels on capacitance 
measurements
. 5.4 Transient capacitance
--5.3 Trap parameters determined from 
capacitance transients
-^5.6 Deep level transient spectroscopy
22
22
26
29
38
42
44
CHAPTER 4 EXPERIMENTAL TECHNIQUES 48
4.1 Experimental method 48
4.1.1 Material 48
4.1.2 Ion implantation 48
4.1.3 Encapsulation and thermal annealing 49
4.1.4 Pulsed laser annealing 50
4.1o5 Ohmic and Schottky barrier contacts 50
"4.2 Measurement techniques 53
4.2.1 I-V characteristics 53
4.2.2 Capacitance versus voltage and 55
temperature measurements
4.2.3 D.L.T.S. measurements 57
(vi)
4.2.5.1 Signal processing
-\4.2.5«2 D.L.T.S, apparatus and 
measurement procedure
^\4,2.5.3 Measurement of trap 
> parameters
4.2.5.4 System performance
4.2.5.3 Pealc analyser
\  4.2.4 Minority carrier lifetime 
measurements
58
60
65
71
75
80
CHAPTER 5 EXPERIMENTAL RESULTS
5.1 Preliminary results. Part I
5.1.1 V.P.E. and bulk n-type GaAs
5.1.2 Si^N^ encapsulation and thermal 
annealing of GaAs
5.1.5 Ion implanted GaAs
5.2 Results. Part II
5.2.1 As grown V.P.E. and bulk GaAs
5.2.2 Si^N^ encapsulation and thermal 
annealing
5.2.5 Pulsed laser annealing
5.2.4 Ion implantation
5.2.4.1 Low dose selenium
5.2.4.2 Low dose oxygen
5.2.4.3 High dose zinc, p*-n 
diodes
5.5 Summary of results
85
84
84
88
90
94
94
101
106
116
116
118
122
129
CHAPTER 6 DISCUSSION
6.1 Electron traps in GaAs (Review)
6.2 Discussion of results
6.2.1 Traps in as-grown V.P.E, and 
bulk GaAs
6.2.2 Effects of encapsulation and 
thermal annealing
6.2.5 Effects of pulsed laser annealing
6.2.4 Comparison (j>f thermally and laser 
annealed Se implants
6.2.5 Thermally annealed implants
6.2.6 Minority carrier traps
\  6.2.5.1 Schottky barrier diodes
131
131
155
136
137
139
144
146
148
148
PUBLICATIONS
(vii)
6,2,6,2 Zn'*’ implanted p^-n diodes 150
^6.2.6.5 Summary of hole traps in 151n-type GaAs
6,5 Summary of trap parameters in GaAs 152
CHAPTER 7 CONCLUSIONS
7.1 Summary
7.2 Future work
156
156
158
APPENDIX I PROFILING OF DEEP LEVELS
APPENDIX II CAPACITANCE HEASUREI'IEKT (BOONTON 72B)
APPENDIX III CORRELATOR ELECTRONICS
IIIA 'Miller' correlator 
IIIB Peak analyser
REFERENCES
- 1 -
CHAPTER 1 
INTRODUCTION
This thesis is concerned with the effects of ion implantation on the 
deep levels in gallium arsenide (GaAs), In particular the effects of 
processes associated with this technology, such as thermal annealing and 
pulsed laser annealing, are examined. The presence of deep levels in semi­
conductor devices may have an important influence on the properties and 
characteristics of the device. Their role can be assessed from a knowledge 
of their deep level parameters, such as activation energy, electron and hole 
capture cross-sections, concentration and more specifically concentration as 
a function of depth. The need to study the effects on deep levels of the 
various device fabrication processes, arises from the importance of these 
levels in determining device behaviour.
Deep level transient spectroscopy has been applied to this study to 
measure the deep level parameters in GaAs both before and after the 
implantation and annealing processes. In these measurements it is the 
effects of the combined process of implantation and annealing that are 
examined; the effects of the annealing processes, either a thermal or 
laser anneal, are studied independently.
1.1 GaAs device fabrication
GaAs has attracted considerable attention during recent years as a 
result of the increase in the number of its possible applications. Although 
silicon is well established as a semiconductor material for the fabrication 
of devices and integrated circuits there is an increasing need for a material 
having properties that will fulfil further future requirements. The most 
important of these are the requirements for higher frequency response and 
improved device operating efficiency. The need for, and the application of, 
microwave devices such as Gunn and IMPATT diodes is well known. Also there
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is considerable future potential for optical devices such as light emitting 
diodes (L.E.D.s ), solid-state lasers and photodetectors, and in this context 
there is increasing interest in the concept of integrated optical circuits.
In meeting these requirements the most suitable material at present 
appears to be GaAs with its direct band-gap of about 1.45@V and its high 
electron mobility as compared with silicon. The double valley structure of 
the conduction band make it a suitable material for the fabrication of 
microwave oscillators. In addition, the direct band-gap makes radiative 
recombination more likely than in the indirect gap materials and hence its 
suitability for optical devices. These facts, coupled with recent improve­
ments that have occurred in the preparation of good quality single crystal 
GaAs, have resulted in the present interest and attention being given to the 
study of this material.
Ion implantation is now a well established technique for the impurity 
doping of semiconductors in device fabrication. It offers accurate control 
of dose and high precision in defining both the depth of the dopant and its 
lateral position. Ion implantation is a particularly desirable method for 
doping semiconductor compounds such as GaAs where the thermal diffusion 
process is impractical due to decomposition of the compound at high 
temperatures,
One of the major problems associated with ion implantation is the 
lattice damage that results from the interaction of the incident ions with 
the target material. Annealing is needed to restore crystallinity and to 
allow the dopant atoms to become substitutionally sited within the lattice 
structure. Conventional heat treatment is usually carried out in a furnace 
at temperatures in the range 700^0 to 900°C. For compound semiconductors 
such as GaAs an encapsulation layer is usually deposited on the active 
surface of the material in order to minimise decomposition during annealing.
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An alternative method of heat treatment that has received considerable
attention during the last few years is the process of laser annealing. Most
of the pioneering work has involved the use of either a ruby or NdrYAG laser
operating in the Q-switched mode.^^^ Results from this work have been
encouraging with the achievement of high peak electron concentrations as
compared with those obtained using conventional thermal annealing. Another
advantage of laser annealing is that there is the possibility of obtaining
spatial control of the annealing process in three dimensions due to the
localised nature of the energy absorption. A pulsed laser used in the
- (2)Q-switched mode produces surface melting and crystal regrowth occurs
from the liquid phase. With this type of annealing therefore, there may not 
be the need for encapsulation in the case of the compound semiconductors, 
and if this proves to be so then there can be one less step in the device 
fabrication process.
1.2 Deep levels in semiconductors
Shallow energy levels located near the edges of the band-gap in semi­
conductors are usually attributed to impurity atoms substitutionally sited 
within the lattice structure. These levels generally relate to impurities 
possessing a single excess or deficient valence electron relative to the 
atoms of the host material and are referred to as donors and acceptors 
respectively. The relatively minor perturbation to the semiconductor
introduced by these impurities implies a high solid solubility greater than 
19 -310 cm . These elements can be used therefore as dopants to control the 
free carrier concentration over many orders of magnitude.
Any departure from perfect periodicity within the single crystal 
lattice has an influence on the semiconductor band structure. If this 
departure is sufficiently abrupt then localised energy levels become 
separated from the free bands. In principle these levels may lie anywhere
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within the energy spectrum but are only open to experiment if they fall 
within the forbidden band-gap. Deep energy levels are those which are 
positioned at depths greater than the shallow hydrogenic levels and are 
generally separated from the conduction and valence bands by energies of 
the same order of magnitude as the band-gap. The large ionization energy 
of these levels is a consequence of their comparatively large perturbation 
effect within the semiconductor. These levels are attributed to localised 
defects or imperfections in the single crystal. For example, imperfections 
in the bulk of the material may be due to impurity atoms (substitutionally 
or interstitially sited), dislocations, or vacant atom sites.
The existence of defects in semiconductors can be grouped into the 
following three categories
1) Defects introduced during single crystal and epitaxial growth.
2) Defects introduced during subsequent processing, e.g. diffusion, 
ion implantation etc.
3) Defects introduced during device operation.
The deep levels resulting from these defects are known to influence semi­
conductor properties and to effect the characteristics and operation of 
devices. These levels may be detrimental to device operation. For example, 
they are not readily avoided particularly in the compound semiconductors 
where they can produce undesired trapping, generation, and recombination of 
free carriers. Other undesirable effects may be attributed to their presence, 
for example:-
1) Low frequency noise (i.)
f
2) Variation of GaAs F.S.T. transconductance with f r e q u e n c y . ,
3) Reduction in L.E.D. and laser operational lifetime. This may be 
due to the movement or formation of deep levels in the active 
region during operation.
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4) Reduction of solar cell and L.E.D. efficiency.
5) Reduction of the thermal relaxation time in C.C.D.s, 
due to generation centres.
On the other hand, deep levels may be introduced deliberately to enhance 
or define device parameters, for examplei-
1) The use of gold to reduce minority carrier lifetime for fast 
switching in silicon diodes.
2) High quantum efficiencies in photo-conductors achieved by deep 
impurity doping.
3) Doping with impurities to determine the wavelength of L.E.D.s 
and to increase efficiency.
4) Use as compensating centres to create semi-insulating layers.
5) Proton isolation where ion implantation is used to create
lattice damage by proton irradiation. The resulting deep
levels act as compensating centres and can serve to electrically 
isolate devices on a GaAs substrate.
The nature and characteristic properties of deep levels are described 
in further detail in chapter 2.
1.3 Transient capacitance spectroscopy
Luminescence measurements have been widely used in the past for the
study of shallow radiative centres in semiconductors. One of the
consequences, however, of the large ionization energy of deep levels is that 
energy transitions involving many of these states tend to be non-radiative. 
Electrical measurements can be used to observe these non-radiative 
transitions, and the most widely used techniques involve the measurement 
of the depletion capacitance associated with a reverse biased p-n or metal- 
semiconductor (Schottky barrier) junction. The presence of deep levels 
within the depletion region influence the measurement of capacitance' and a
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response attributed to the filling and emptying of levels can be observed 
by applying some form of electrical or optical excitation*
Deep level transient spectroscopy (D.L.T.S.) is a comparatively new 
measurement technique for the study of deep levels and is based on the 
measurement of transient capacitance. The main advantages of the D.L.T.S, 
technique over other capacitance methods are the high sensitivity of the 
measurement and the ease by which the deep level information is extracted 
from the measured parameters. The technique is used to characterise levels
in terms of their activation energy and capture cross-sections.
The D.L.T.S, measurement was first introduced by Lang in 1974^^'^ and 
has been widely used in the characterisation of deep levels. A large 
number of levels have been observed in as-grown bulk and epitaxial GaAs by 
different research groups and these have been catalogued by Martin et. al.^^^^ 
(ll) (12) 2his type of characterisation has been mainly used to assess the 
quality of epitaxial material grown under various conditions. The technique 
has also been applied to the study of light ion and radiation induced 
defects in s e m i c o n d u c t o r s . (^4)
The theory of the D.L.T.S, measurement is discussed in chapter 3 
following a review of the capacitance measurement techniques appropriate to 
the study of both shallow and deep energy levels.
1.4 Objectives and summary of contents
The primary objective has been to study the effects on deep levels of 
the combined process of ion implantation and annealing of GaAs. The deep 
level parameters have been measured before and after these processes using 
bulk and vapour phase epitaxial (V.P.E.) GaAs. A further objective has been 
to examine the use of the D.L.T.S, technique and to look at the problems 
associated with its application to this type of study.
Low doses ( ^ 5xl0^^cm ^) of selenium (Se^) and oxygen (O^) have been 
implanted into n-type GaAs, the former serving as an n-type dopant, the
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latter producing free carrier compensation. High dose (lO^^cm**^) shallow 
zinc (Zn"**) implants have been used to form p^-n junctions, the zinc acting 
as a p-type dopant. In each of the above cases the implantation is 
followed by either a thermal anneal at between 700°C and 900^0 or a laser 
anneal using an energy density of typically 0.5J.cm”^.
The choice of dopant ions was governed, in part, by current device 
fabrication requirements but more specifically to match the present 
interests of the ion implantation research group at Surrey University.
The interest in selenium as an n-type dopant in GaAs is in two areas of 
application. The first is to form highly doped shallow n"^  layers for use as 
device contact areas; the second is to produce active n-type layers in
(15)microwave F.E.T.s at depths up to about 1^. • The interest in oxygen
implantation of GaAs is to create semi-insulating l a y e r s . O n e  possible 
application is in the isolation of devices on a substrate. The use of 
protons for isolation is well established^^/ (l7) however the use of 
oxygen results in isolation layers of better thermal stability due to the 
electrical compensation being attributed to a chemical doping effect.
The implantation of zinc into n-type GaAs to form highly doped shallow 
acceptor layers is of interest in producing p^-n junctions. These structures 
may have application in microwave devices such as IMPATT diodes, microwave 
J.F.E.T.s and photo devices such as L.E.D.s, lasers and photo detectors.
Following ion implantation, two methods of thermal annealing have 
been used. Conventional thermal annealing involves heating the samples 
to between 700°C and 900*^C for time durations of about 15niins. Pulse 
thermal annealing involves heating the samples to high temperatures but for 
much shorter times, typically 900^0 for 30 secs, Sealy and Surridge^^^^ 
have shown that pulse annealing can produce dopant electrical activities 
equivalent to the longer annealing times of conventional thermal annealing. 
The possible advantage here is that the constraints imposed upon the 
encapsulation layer may be less severe.
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Silicon nitride (Si^N^) has been used as an encapsulation layer 
during thermal annealing. Other types of encapsulant have been used in the 
past^^^) but so far Si^N^ has proved to be the most e f f e c t i v e . ( 2 l )
A Q-switched ruby laser has also been used to anneal GaAs after ion
implantation. The laser light, of wavelength 0.6^um, has a high absorption
coefficient in GaAs where the photon energy exceeds the energy of the band-
gap. When used in the Q-switched mode the laser produces a pulse with a
time duration of about 25ns, and the power output can be as high as lOOMW cm” ,^
( 2 )A single pulse of this type produces surface melting  ^ and crystal regrowth 
occurs from the liquid-solid interface via,liquid phase epitaxy.
In the majority of cases electrical assessment has been carried out 
using Schottky barrier structures these being appropriate to the study of 
majority carrier traps (electron traps in n-type semiconductors). The p^-n 
diodes formed by zinc implantation have been used to study minority carrier 
traps using a current injection pulse.
Preliminary results obtained using the D.L.T.S. apparatus (chapter 4, 
section 4.2.3*2) showed that the effects of comparatively low ion implant 
doses (^5xl0^^cm ^) in GaAs after annealing were readily detectable, (See 
chapter 5, section 5,l). These results however highlighted three main 
problem areas
1) Doses of the order 5xl0^^cm  ^ can create high concentrations of 
deep levels comparable with the background carrier concentration 
of the implanted material. It will be shown in chapters 2 and 3 
that the deep level concentration must be very much less than the 
background carrier concentration for accurate interpretation of 
the measurements.
2) Abrupt changes in the dopant atom distributions associated with 
ion implantation leads to the problem of Debye screening which
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makes analysis of the capacitance measurement data difficult.
(see chapter 3)•
3) The resolution of energy levels can be a major problem in the 
study of ion implanted material.
Where possible the choice of starting material, implant dose, energy, and 
annealing conditions, have been made in keeping with current device research 
requirements. At the same time the problems outlined above have been taken 
into consideration in subsequent experiments, the results of which are 
presented in chapter 5» section 5.2. The experimental method is discussed 
in chapter 4, section 4.1.
Deep levels have been characterised in terms of their activation 
energy and capture cross-sections using D.L.T.S, and the technique has been 
used to measure the deep level concentrations as a function of depth. Two 
methods of profiling deep levels have been used which are detailed in 
appendix I. Capacitance methods such as point by point capacitance versus 
voltage (C-V) and Copeland^^^^ have been used to obtain profiles of the free 
carrier distributions. The measurement of capacitance using a Boonton 
capacitance meter (type 72B) and the methods of voltage biasing are described 
in appendix II. Current versus voltage (l-?) measurements have been used to 
assess the quality of the Schottky barrier and p*-n junctions. These, along 
with C-V, D.L.T.S. and minority carrier lifetime measurements are described 
in chapter 4, section 4*2,
The D.L.T.S. system, used for the majority of the experimental work,
(23)uses a correlator of the type described by Miller, This instrument,
referred to here as the 'Miller' correlator, was designed and constructed in 
the departments electronics workshop. Another type of correlator, also 
constructed within the department, is based on the work of Bodgart.^^^^ (25) 
This correlator, referred to here as a peak analyser, was constructed with a
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view to improving sensitivity and resolution. The principles of these 
correlators are discussed in chapter 4, section 4*2.3 and details of the 
electronics are given in appendix III, Results from measurements on the 
performance of these correlators are summarised and discussed in sections 
4*2,3*4* and 4*2,3*5* of chapter 4*
The results obtained from measurements on ion implanted and annealed 
GaAs are presented in chapter 5 and are discussed and compared with 
published data in chapter 6, Finally, chapter 7 concludes by summarising 
the main results and examining the possible areas for future research.
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CHAPTER 2
CHARACTERISTIC PROPERTIES OF DEEP LEVELS
2,1 Defects in semiconductors
Deep energy levels lying within the semiconductor band-gap can be 
attributed to any abrupt departure in the perfect periodicity of the single 
crystal structure, A low concentration of localised crystal defects or 
imperfections of a well defined type may give rise to a discrete energy 
level separated from the free bands and which is common to all the defects 
of that particular type. If the density of defects is high then their 
interaction leads to the splitting of energy levels which may result in 
defect bands.
There are a large number of possible types of localised defect to be 
found, particularly in the compound semiconductors. These may be broadly 
grouped into two sections
1) Point defects such as vacancies, interstitials and impurity atoms.
2) Arrays of point defects such as dislocations and grain boundaries.
The main types of defect areî-
1) Vacancies. These are vacant lattice sites; for the zinc-blende 
structure of the III-V compounds there can be two types of 
vacancy, one for each component e.g. V^^ and V^^ for GaAs.
Vacancies may coalesce to form clusters or dislocation loops,
2) Interstitials, These are impurity or component atoms which 
occupy sites other than lattice sites.
3) Impurity atoms. These may be interstitially or substitutionally 
sited. In compounds, one component atom may occupy a site 
intended for the other; this is called an antistructure defect.
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4) Complexes. These are an association of two or more point
defects, e.g. Two vacancies side by side (divacancy), or a
vacancy close to a substitutional impurity atom etc.
5) Grain boundaries. These are regions where two crystal grains
of different orientation meet.
6) Dislocations, These are lines separating slipped and unslipped 
portions of crystal planes. The direction of slip may be at 
right angles to the line (edge dislocation) or along the line 
(screw dislocation).
All of the above defects can be introduced during crystal growth or 
during the subsequent device processing stages. Vacancies for instance, 
are thermodynamically stable and will therefore be present in all types of 
crystal. The actual number will depend on their interaction with various 
impurities during heat treatment. Both, impurity atoms and vacancies can 
diffuse in or out of the semiconductor during crystal growth and during 
doping by diffusion. Dislocations can be introduced at nearly every stage 
of processing. In initial crystal growth, for instance, dislocations in the 
seed can propagate into the growing material. Sudden growth rate changes or 
a change in doping concentration can also result in further numbers of this 
type of defect. When introduced after crystal growth, dislocations are 
associated with the subjection of the crystal to some form of mechanical 
stress. This stress can originate from unequal heating or cooling, from 
diffusion of impurities into the lattice, or from forces applied externally 
during processing such as in cutting and polishing.
Finally most types of defect can result from ion implantation 
processes where the damage produced is associated with displacement of atoms 
caused by the incident ions colliding with the target material. The total 
effect of this damage may be minimal, the defect levels being attributed to 
a few vacancy-interstitial pairs, or gross resulting in local melting or
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the formation of an amorphous layer. The nature of the defects produced 
by this process will depend on implant dose and energy and on the respective 
masses of the colliding atoms.
2.2 Characteristics of deep levels
Three characteristic properties may be defined:-
1) Charge occupancy reactions.
2) Energy level with respect to the band structure, 
i.e. activation energy AS.
3) Capture cross-section for electrons and holes cr^ .
Most levels change their charge by one electron transition and hence two 
types of level can be distinguished
Type 1. =- + e" i.e. neutral when full of electrons; positively
charged when empty. This is referred to as a deep donor level 
or hole trap.
Type 2. + e i.e. neutral when empty of electrons; negatively
charged when occupied. This is referred to as a deep acceptor 
level or electron trap.
These charging reactions are summarised in figure 2.1.
2.3 Capture and emission processes
The four possible energy transitions involving a deep level of energy 
E^ and the conduction and valence bands are:-
1) An electron is captured by an empty level.
2) An electron is emitted from an occupied level.
3) An occupied level captures a hole.
4) An empty level emits a hole.
These transitions are summarised in figure 2.2.
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Fig. 2.1 Charge occupancy reactions
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(arrows denote
electron transitions)
Conduction hand
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- E:
Fig. 2.2 Band - localised level, energy transitions
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The probability of electron occupancy under equilibrium conditions is 
given by the Fermi-Dirac function
f(E_) = 1 2.1)
1 + e*P I
\ kr”*
where is the energy of the Fermi level 
k is Boltzmanns constant 
and T is temperature.
For a concentration of deep levels the number occupied by electrons is 
N^f(E^) and the number unoccupied is N^(l-f(E^)), The rate at which 
electrons from the conduction band are captured will be proportional to the 
number of electrons in the band and to the number of empty levels available 
to receive them. The electron capture rate is given by
% c n  =  N T ( l - f ( E T ) ) . n  2.2)
twhere c is a rate constant and n is the number of conduction band electrons, n
Likewise, the rate at which electrons are emitted from occupied levels to the 
conduction band will be proportional to the number of filled levels. The 
electron emission rate is given by
2.3)
where e is a rate constant, n
For dynamic equilibrium R = R^ en cn
therefore from equations 2.l), 2.2) and 2.3)
2.4)®n = “n V 5 : )\ kT /
Iwhere c is defined as a pseudo constant c = c n. n n n
For = E„, e = c i.e. where the Fermi level coincides with the level T F n n
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The total number of conduction band electrons n is given byoo
n = s(B).P(E)*dE
j
E0
where is the energy at the conduction band edge
S(e ) is the density of available electron states 
P(e ) is the probability of electron occupancy.
Solution of this yields
n = N^exp|-(E^-Ep)] 2.5)
\ /
where N = 2M / 2 tt m *kT \ 2.6)c c e I '
\ /
is the number of effective conduction band minima
m * is the electron effective mass e
and h is Planks constant*
Prom equations 2.4) and 2.5)(-(y V  V
 ^ kT  ^ \  kT /
twhere c^ is the capture probability and is given by the product of the
electron thermal velocity <V>= 3kT
m *■ e J 2.7)
and the electron capture cross-section <r
Ii.e. c = cr < V >  n n n
The electron emission constant is then given by
2-8)
' kT /
where g^ is the degeneracy factor and is included in the above to allow for 
( 26 )degeneracy of E_ ' ' i.e. for detailed balance e^ = c^
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The electron capture constant is given by
“n = 2.9)
\ kT
The emission time constant X = 1n —
®n
^n exp / A B \ 2.10)
a  < V >  K I kT/n n 0
where AE = E - E_ c T
Substituting for and < V >  using equations 2.6) and 2.7)
°_fa . . /-JîLA . i_ . i_ exp ( ÛS2M^ \3k / o-^  ^2 U t
This can be written as
'^ n = . exp { 2.11)
\ T /
1/2 3/2
where k^ = . f  ^
2M \3k 1 \ 2™  *k 1cr® -I L:___r_j
Characteristic of the Characteristic of
semiconductor, the deep level,
and k_ = AE 
k
The activation energy AE and the electron capture cross-sectioncr are 
characteristic signatures of the level E^. The equation 2.10) is sometimes 
modified using the factor exp(^/k) to take into account the temperature
(27)dependence of the activation energy,# being the temperature coefficient.' ' 
This factor will be considered again in chapter 6.
A similar analysis can be applied to hole capture and emission from 
the valence band. The hole capture rate is given by
«CP = P 2.12)
and the hole emission rate is given by
y  = epHTCl-fta?)) 2.13)
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where p is the number of holes in the valence band and c and e are rateP P
constants.
Expressions for and e^ can be derived from equations 2,12) and 2.15) and 
these along with equations 2.8) and 2.9) are summarised below;-
'n = “o (-(y V l
\ kT /
=p = 2.14)\ kT /
®n = °n ^ V
\ kT /
®p " \  ( -(y V  ) 2.15)
g \ kT /
These equations characterise the capture and emission processes of électrons 
and holes for an energy level E^.
The net rate at which electrons are captured from the conduction band 
is given by = ^cn“^en* the net rate at which holes are captured 
from the valence band is given by ■ R^^-R^^, The net rate of change of
electron occupancy is then given by
= R -R
~ d t ~  “ P
where n^ is the number of levels full of electrons i.e. n^ = f(E^) in
equilibrium.
Prom equations 2.2), 2.5), 2.12) and 2.15)
dt
where provided n and p are very much greater than then c =nc and
f ^Cp =pCp are constants. Therefore
= ^y V ”t ■ ^ 2.16)
dt
In the steady state condition when dn^(t) = o
dt
- 19 -
(c +e +c +e ) n n p p
T 2.17)
The steady state probability of electron occupancy is then given by
f (E?) =
( y y ° p + % )  2-18)
Consider now two solutions to equation 2.16)
1) For the level initially empty of electrons n^(o)=o at t=o
^t^^) ) ■ N (l-exp(-(c +c +e +e )t) ) 2.19)+c +6 ) ■ n p n p •n n p p'
2) For the level initially full of electrons n^(o) =N^ at t=o
"t(t) = ( y % )  »T y y y L . '  V ^ p ^ - ( y y y ® p ) ^ )
(c +e +c +e ) ( c + e + c + e  )n n p p n n p p 2^2^)
From the above equations it is noted that firstly the time dependence is
always exponential provided n and p are very much greater than and 
secondly the time constant is the sum of all the rate constants for charge 
capture and emission. In practical situations usually only one of the four 
capture and emission processes is dominant. For example the electron 
capture process into an initially empty state is given by
n^(t) = N^(l-exp(-c^t) ) 2.2l)
for c^, e^ and e^, from equation 2.19), and the subsequent emission
process is given by
n^(t) = exp(-e^t) 2.22)
for c^ and c^, from equation 2.20).
The equations derived in this section will be used in chapter 3 to 
describe the effects of deep levels on the semiconductor junction properties 
and to show how the parameters of these levels namely the àctivation energy, 
AE, and the capture cross-sections, and cr^ , are extracted from the 
capacitance measurement.
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2,4 Generation, recombination and trapping centres
Under thermal equilibrium conditions carriers in a semiconductor 
possess an average thermal energy and this enables some of the valence 
band electrons to reach the conduction band so creating electron-hole 
pairs. This process is known as carrier generation and the reverse process 
is recombination. Under thermal equilibrium conditions the generation rate 
is equal to the recombination rate and the free carrier concentration 
remains constant. This equilibrium condition can be perturbed by the 
injection of excess carriers accomplished by either optical or electrical 
means. The carrier injection process can be of a steady state or a 
transient nature. In the former case, a steady state equilibrium condition 
exists where the number of electrons entering and leaving the conduction 
band must be equal (principle of detailed balance). In the latter case, 
the recombination lifetime T characterises the exponential decay of excess 
carriers following the excitation pulse.
Generation and recombination processes involve either direct energy 
transitions between conduction and valence bands or indirect transitions via 
deep levels. The recombination process can be radiative involving the 
emission of photons, or non-radiative involving phonon emission. In
practice recombination and generation processes in most semiconductors are
dominated by indirect energy transitions via deep states.
Deep levels promote electron-hole pair recombination by capturing 
electrons from the conduction band and subsequently transferring them t o . 
the valence band through the capture of a hole. Consider a small amount of 
excess charge ^n and ^p. The recombination rate of electrons is eqpal to
that of holes R^ since every recombining electron is accompanied by the 
recombination of a hole,
i,e. R = R = 2,23)^ P r r
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The approximation 8n = 6p is valid provided the concentration of deep 
( 28 )levels is small. The recombination rate R = R -R , which fromcn en
equations 2,2) and 2.3) gives
R = f(Ej))n - f(E^ )
Combining this with equation 2.23), it can be shown that for low level 
injection where Sp<t:p, then T= 1___ , \
for a strongly extrinsic n-type semiconductor. It is noted from equation 
2.24) that the lifetime X  is independent of the capture of the majority 
carriers since they are abundant, and the limiting process is therefore the 
capture of minority carriers (holes in this instance). A knowledge of the 
deep level minority carrier capture cross-section is therefore of importance 
in predicting the behaviour of devices which rely on minority carriers for 
their operation.
In contrast to the recombination process an electron, for instance,
may be captured from the conduction band and then returned to this band
after a mean lifetime in the captured state. This process is known as
trapping, A deep level may act as either a trap or a recombination centre;
the specific role a level will play is determined by the nature of the
defect, the temperature and the effect of the shallow dopant. An electron
trap, for example, can be defined as a level for which the electron capture
constant c^ is very much greater than the hole capture constant c^. For
recombination to occur, c^ must be similar in magnitude to c^. The
distinction between these two cases depends largely on the specific physical
situation as dictated by equations 2.9) and 2.14), For instance, in the
reverse bias depletion region of a semiconductor junction all levels act
as traps and this term for deep levels will be employed in subsequent
chapters. In general however, it is convenient not to categorise a level as
either a trap or a recombination centre but rather as a deep state with
specific capture cross-sections u and cr ,n p
- 22 -
CHAPTER 3
MEASUREMENT OF TRAP PARAMETERS USING CAPACITANCE METHODS
Standard optical methods for investigating energy levels, such as 
optical absorption, photoluminescence, and cathodoluminescence, have been 
widely used to study shallow radiative c e n t r e s . T h e  need to study deep 
levels, many of which are non-radiative, has resulted in the development of 
various types of electrical measurement. One such method that has been widely 
used is the thermally stimulated current (T.S.C.) t e c h n i q u e . D e t e r m i n ­
ation of the activation energy using this method is complicated and is 
dependent on the heating rate of the.test sample. Current measurements in 
general suffer from noise problems, the major one being due to high leakage 
currents at high temperatures which tend to swamp the signal.
An alternative measurement is that of depletion capacitance, this 
capacitance being associated with a p-n or Schottky barrier junction, and 
includes methods such as thermally stimulated capacitance (T.S.CAP),
(31 )admittance spectroscopy, photocapacitance, and D.L.T.S. ' The main 
advantages of these methods over T.S.C. is firstly they do not suffer to the 
same extent from current leakage problems, secondly they are inherently more 
sensitive by the fact that they measure charge as opposed to a rate of change 
of charge (i.e. current), and thirdly they allow a distinction to be made 
between majority and minority carrier traps,
3.1 Properties of p-n and Schottky barrier .junctions
The formation of a p-n junction results in a space charge or depletion 
region with a built-in voltage potential. In the simplest case where the 
material is uniformly doped the width of the depletion layer created is. 
given by
2£ (V^+Va). / «A+No 3.1)
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for an abrupt asymmetrical junction
where £ is the permittivity
8 II II electron charge
II II acceptor doping concentration
«D « I donor ” ”
V0 II I diffusion potential
h It I externally applied reverse bias
The diffusion potential is given by
V = 0 kTe
log■ e ( h S \ 3.2)
where n. is the intrinsic carrier concentration and V = 0 - 0 where 01 0 ^p “n ^p
and 0^ are the work functions of the p-type and n-type material respectively.
Consider a one-sided abrupt p -n junction then
1/2 3 .3)
In this case all the depletion occurs in the lightly doped side of the junction 
as shown in figure 3.l(a). Equation 3«3) is equally applicable to a 
Schottky barrier junction which is formed by depositing a suitable metal on 
an n-type semiconductor. In this case however, the diffusion potential is 
largely determined by the existence of surface energy states at the metal- 
semiconductor interface and not by the difference in material work functions, 
(see figure 3.1(b)). The distribution of surface states is characterised by 
a neutral level 0^, If the density of states is very high then 0^ - 
(metal Fermi level) and the barrier height 0^ is said to be ’pinned’ by 
the high density of states. 0^ usually occurs at about one third of the
band-gap energy as measured from the valence band. (32)
The depletion approximation(33)
This assumes that the depletion region in the above cases consists solely of 
the charge of the ionized acceptors and donors and that there is no mobile
- 24 -
(a)
•Fn
(b)
Metal n-type semiconductor
^Fm
■Fs
Fig. 3.1 Energy band bending at (a) a p*-n junction and 
(b) a metal-semiconductor junction
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charge at the edges of this region. Consider an arbitrary impurity distrib­
ution N(i ) for a one-sided junction, then from Poissons equation in one 
dimension
m  = - / f k i  3 .4 )dx t
where ^  is the net charge density 
and E is the electric field.
AV # N(x ) X Ax 2 5.5)
and AQ = eN(x) Ax 5.6)
where AQ is an incremental change in charge at the edge of the depletion 
region associated with an incremental change in applied reverse bias AV.
Ax is the corresponding change in the depletion width x. The differential 
capacitance per unit area is defined as
C = AQ 
AV
and therefore combining this with equations 3.5) and 3 *6)
3.7 )
3.8)
i.e. the depletion region behaves as a parallel plate capacitor, the plates 
separated by a distance x.
The depletion capacitance for a one-sided uniformly doped abrupt 
junction is obtained by combining equations 3.3) and 3*8) to give
1 1/2C = A B eN, 3.9)
where A is the area of the junction. In using the depletion approximation 
a zero value for the Debye screening length at the edge of the
depletion region is assumed. The Debye length is a natural limit to the 
spatial resolution of the depletion region and is given by
1/2kT2 e ND
3.10)
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The physical basis for this is a balance of the diffusion of free carriers 
from the neutral region against the retarding potential of the depletion 
region. The result is a gradual transition from the space-charge region to 
the neutral region over a distance of several Debye lengths.
Finally, as can be seen from equation 3*9)» the capacitance of the p^-n 
and Schottky barrier junctions varies as a function of the applied voltage.
The reverse bias voltage however, cannot be increased indefinitely since 
either Zener or avalanche breakdown occurs. This and the proceeding inform­
ation is summarised in the nomograph of figure 3*2 for Schottky barrier or 
p-n junctions in GaAs.
3.2 Capacitance measurement techniques
The capacitance measurement of p-n and Schottky barrier junctions is 
well d o c u m e n t e d . T h e  technique is widely used to measure doping 
concentrations, and in particular, the variation of capacitance with voltage 
is used to determine the spatial distribution of dopant atoms in the space- 
charge region. Consider a one-sided junction having an arbitrary distrib­
ution o f  charge concentration K ( x ). From Poissons equation
AV_ ~ eM(x) X Ax (equation 3.5)) for a small incremental change in ^ i
Î pH ffijocp
£
applied voltage AV^. Using the depletion approximation C = fromXequation 3.8) and differentiating
AC = -£A
Ax 2X
to give AC = - A^ 3.1l)
C X
Combining this with equations 3*5) and 3.8)
^  3,12)
feA^N(x)
This equation has been extensively used as the basis of the differential C-V 
measurement technique for determining doping profiles. There are three
- 27 -
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main reasons for its popularity. Firstly it gives a measurement of the 
electrically active dopant concentration which is of importance in electrical 
devices, secondly it is a non-destructive technique, and thirdly it is a 
simple method which can be readily automated,
(35)Kennedy et. al. • have shown that while still assuming the validity 
of the depletion approximation, the differential capacitance technique 
actually measures the distribution of the majority carrier concentration 
rather than the distribution of impurity atoms. This is because the 
capacitance measurement is based on measurement of the flow of free charge 
in the external circuit. In regions where the impurity atom distribution 
changes abruptly, the majority carrier distribution will differ substantially 
from the dopant atom distribution due to the effect of Debye screening.
An expression can be derived that relates the majority carrier distribution
n^ff(x) as measured, to the actual dopant atom distribution. (36)
B(%) = Â / _i_ .dn (x)] 3.13)e . dx \ n^„(x) - f f -  J
(33)Vlu et. al. discusses the application of this equation to a rapidly 
changing ion implanted impurity profile.
The capacitance C in equation 3*12) is normally measured at some
voltage bias by superimposing a small a.c, voltage The depletion
width will remain approximately constant and the junction capacitance C= AQ ,
AV
from equation 3*7), is determined by measuring the current produced by
the oscillating voltage. A small amplitude is also chosen for the modulation
voltage AV^ in order to obtain good spatial resolution when profiling.
There are a number of variations of the basic C-V profiling technique
and the most important of these are:-
(22)1) The harmonic method. (Copeland)
This is an automatic method whereby the profile is measured by 
applying a d.c, bias and driving the test sample with a small high frequency
- 29 -
r.f, current. The doping profile is obtained from measurement of the first 
and second voltage harmonics. The voltage of the fundamental frequency is 
proportional to depth and that of the second harmonic is proportional to the 
reciprocal of the carrier concentration,
2) The feedback profiler (Miller)
This is another automatic method which uses an r.f, voltage oscillator 
to measure the capacitance, C, The voltage bias is modulated at a lower 
frequency to give AV^. The amplitude of the modulation is automatically 
adjusted using feedback to maintain a constant field within the depletion 
region.
3) Analogue techniaues^^^^
There are a number of techniques described in the literature for the 
measurement of dopant profiles which use analogue electronics to solve 
equation 3*12).
4 ) Point by point C-V
This is perhaps the simplest and most widely used method of G-V 
profiling. The technique is to record a large number of individual values 
of C and V^. The differential capacitance AC and the differential voltage 
AV^ are then determined at each value of C from the difference in two 
successive measurements. This is the only method which readily permits the 
modification of the profile, to calculate the actual distribution from the 
measured majority carrier profile, using equation 3.13).
3.3 Influence of deep levels on capacitance measurements
The effect of a deep level on the depletion region of a one-sided p/-n 
or Schottky barrier (n-type) junction is shown in figure 3*3 for.the case of
(a) a deep donor state and (b) a deep acceptor state. The concentration of 
shallow levels and deep levels are assumed to be uniformly distributed. 
The main feature of a junction structure with deep states is the presence of
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a one-sided junction with (a) deep donor states and
(b) deep acceptor states
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a transition region A . This can be calculated for a level at energy 
by integrating Poissons equation over the region y ' < x < x ' .
5.14)X = ■2£(Ep-Ej,)'
for a deep acceptor level.
The effect of band bending is to alter the position of the Fermi level Ej, 
with respect to the deep levels in the band-gap, so changing the probability 
of electron occupancy in the steady state equilibrium condition. Deep levels 
lying more than several kT below will tend to fill while those above 
will tend to empty according to the Fermi-Dirac law. The steady-state 
frequency response and the transient time response of the junction is then 
directly influenced by the capture and emission processes within the 
depletion region where the steady state probability of occupancy is deter­
mined using equations 2.8), 2.9), 2.14), 2.15) and 2.18).
When measuring the capacitance,C, of the junction, two cases can be
considered. One is where the frequency of oscillation of the applied
test signal AV is lower than the emission rate constants (co < e  or e ) osc osc n p'^
of the deep states, the other is where a) > e  or e (see equations 2.8) andosc n p
2.15)). The emission rate is the limiting process as the capture rate is
always greater when the Fermi level is above the energy level in the case of
electron capture and below the energy level in the case of hole capture.
Consider the above cases for a deep acceptor level lying above the middle of
the band-gap where e^> e^. Referring to figure 3.3(b), then;-
Case 1. W  <  e ___________osc n
The deep levels at y' can follow the voltage variation by emission and 
capture processes. The measured capacitance is given by
C = ^  (equation 3.7))AVosc
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where AQ = eN^(y') Ay + e (N^(x ') - N^(x’) ) Ax,
and AV^g^ = ^  N^(y*)y* Ay + e (Njj(x ') - N^(x'))x* Ax
from equations 3*5) and 3*6)
C = eN^(y') Ay + e (Np(i') - \ ( x ‘)) Ax 
|, N,p(y’)y'~Ay + e. (Njj(x')-Nj(x‘) )x’ Ax
where the value of C is dependent primarily on the value of
Case 2, CO >  e osc n
Only charge at x' will follow the voltage variations, therefore 
AQ = e(N^(x*) - Ny(x')) Ax.
and AV^g^ = |  (^^^(x’) - Ny(x'))x' Ax
C "  A Q  = 6
A V  x'osc
where the value of 0 is dependent primarily on the value of
In case 2, the junction behaves as a parallel plate capacitor and therefore 
to use the profiling equation 3*12) the measurement of capacitance must use 
a test signal frequency which is greater than the emission rates of the 
deep states present.
The changes in capacitance with frequency can however be deliberately
used to detect the presence of deep levels by for instance observing steps
1 in 
(46)
in the capacitance versus frequency behaviour, or from the peaks the
admittance versus frequency characteristic (admittance spectroscopy).
The same type of information can also be obtained by keeping the frequency 
fixed and varying the temperature of the test sample. This is due to the 
temperature dependence of the capture and emission processes, (see 
equations 2.8), 2.9) and 2.5), 2.7)). One problem area in this context is
- 33 -
associated with the temperature variation of the equilibrium Fermi level in 
the equations
Njj = exp(-(B^-Ep)/kT) (equation 2,5))
and exp(-(fij,-E^)/kT) .
This variation of the Fermi level with temperature for various donor and 
acceptor doping concentrations in GaAs is shown in figure 3.4,^^^^ For the 
condition >  e^, capacitance steps may be observed in the capacitance 
versus temperature plot as the Fermi level crosses deep energy levels and 
are due to changes in the free carrier density* The temperature dependence 
measurement can therefore produce ambiguous r e s u l t s a n d  generally 
supporting experiments are necessary,
When profiling shallow level impurity distributions using equation
3.12) the rate of change of AV„, , is always lower than the frequency ofR
the test signal Consider two important cases one where is less
than the emission rate constants, e or e , of the deep states and then p
other where uL is greater than e or e • For a deep acceptor level lying R n p
above the middle of the band-gap where e^>e^ and referring to figure 3«3(b), 
then
Case 1. OJ <  e , low frequency measurement.\  n
AQ = AQ(y') + AQ(x')
eN^(y')Ay+e (N^(x ’) - K^(x')) Ax
and AV_ = A q = e K G I 3y(y')y' Ay + (N^(x') - N^(x'))x' Ax
The measured impurity concentration N(x)Q^gg is determined from equation 3,12) 
assuming that all the charge is uncovered at x' only.
i.e. A: = ft & Ny(y')y’ Ay + (Nj^ (x )-N^(x ') )x’ Ax
= Ky(y' )%1. Ay, + Nj^(x') - Ny(x') x ’ Ax
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From this it can be seen that for uniform distributions of and then
N(x )meas Njj for x'si y '
Case 2. CO, >  e , high frequency measurement*____________R ^
AQ = AQ(x') = e(M^(z') - N^(x')) Ax 
and AV^ = (Nj^ (x ') - N^(x*)) x* Ax
f ^(^leas - N^(x'))x'Ax
" H e a s  = V * - )  - N^(x') .
For uniform distributions of and then
= V “t
This is the free carrier concentration in the neutral region.
A similar analysis can be used for deep donor states. The measured carrier 
concentrations for cases one and two are summarised below assuming uniform 
distributions for and N^.
Measured carrier concentration
Deep donors Deep acceptors
High frequency
measurement o)„ >  e V.R n
Low frequency 
measurement co,. <  e
'"r “
The above analysis is discussed more fully by Kimerling who demonstrates
the effect of different measurement frequencies on non-uniform distributions. 
The conclusion in this case is that for low measurement frequencies the 
shape of the measured profile can differ substantially from the actual 
profile due to the presence of deep levels.
- 36
The profiling methods discussed in section 3.2. can be classed as
either high frequency or low frequency measurements depending on whether
is greater or less than e • However, due to the temperature dependence R ^
of e^ some of these techniques which are normally low frequency measurements
at room temperature can become high frequency measurements at low tempera­
tures. The various profiling techniques are indicated in figure 3*5 where
the emission time constant X  = ^  is plotted as a function of then e  ^ n
activation energy AE = E^-E^ for various temperatures, T, using equation
2.1l), The approximate measurement region in terms of l/cLL is shown for
R
each measurement technique. It can be seen that for most deep levels the 
Copeland method is a high frequency measurement at room temperature and 
below. The feedback and analogue techniques can be either high or low 
frequency measurements depending on the values of AE and T. Point by point 
C-V is usually a low frequency measurement but can become a high frequency 
measurement at low temperatures.
Û- The influence of deep levels on the junction properties has an effect 
on the capacitance measurement and this is the basis for determining the 
deep level parameters such as activation energy, capture cross-sections and 
concentration,The various capacitance measurements can be classed as being of 
either a steady state or a transient type. Capacitance versus frequency 
and admittance spectroscopy have previously been mentioned and these can be 
classed as steady state methods. Thermally stimulated capacitance (T.S.CAP)^
(51)and photocapacitance can be classed as transient or single-shot methods 
where the junctions initially in equilibrium, are perturbed and then allowed 
to relax back to the steady state equilibrium condition. In the case 
of T.S.CAP samples are cooled to low temperatures and the deep levels are 
allowed to fill under a zero voltage bias. The samples are then slowly 
heated giving rise to changes in capacitance due to the emptying of levels 
within a reverse bias depletion region. Photocapacitance is a similar
- 37 -
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technique, however in this case changes in capacitance are due to deep 
level occupancy variations in the depletion region under illumination.
3*4 Transient capacitance
Short repetitive voltage bias pulses or optical pulses applied to a 
junction are methods of perturbing the steady state equilibrium condition. 
Pulses of sufficient duration can be used to fill the deep levels in a region 
of the junction normally depleted of charge. The transient capacitance 
response following the pulse, which is attributed to the emptying of levels, 
is monitored and the time constant 2T can be measured as a function of 
temperature to obtain the activation energy, AE, and capture cross-sections 
and o^, using equation 2.11).
Consider a one-sided uniformly doped p^-n or n-type Schottky barrier 
junction having a single deep acceptor level (electron trap) of energy E^ 
with a uniformly distributed concentration N^. The effect of a voltage 
pulse of the type shown in figure 3.6(a) is demonstrated in figure 3*7.
During the pulse application the trap is filled with electrons (majority 
carrier trap). The steady-state electron occupation during the pulse is 
given by equation 2.17) and this reduces to
n,(oo) = *^ n . Dmc +cn p
where the capture process dominates the emission process. (See equations
2.8), 2.9), 2 .14) and 2,15)). For a pulse of the type shown in figure 3.6(a) 
0^ and therefore the time response is given by n^(t)=H^(l-exp(**c^t ))
(equation 2.2l)) i.e. the capture process is an exponential function 
characterised by a rate constant c^. Immediately after the pulse, with a 
large reverse bias applied to the junction, the trap is initially full but
gradually releases its charge to the conduction band. In the depleted
region the capture rate constants are zero and the steady state electron
occupancy given by equation 2,17) reduces to
[a)
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Fig. 5,6 Transient capacitance response for (a) majority carrier traps 
and (b) minority carrier traps
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Fig, 3.7 Effect of a majority carrier pulse on the band bending 
and net charge distributions of a one-sided junction
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The emission rate constants depend exponentially on the energy difference 
between the level and the conduction band (electron emission) and the 
valence band (hole emission), see equations 2-8) and 2.15). For electron 
traps in the upper half of the band-gap e ^ » e ^  and the time response is 
given by
n^(t) = exp(-e^t) (equation 2.22))
i.e. the emission process is an exponential function, characterised by a
rate constant e • n
The capacitance as a function of time during the emission process 
is given approximately by
C(t) = A e 6 (Np-n^(t)) 1/2
for uniform distributions of and N^.
This becomes c( t )  = exp(-e^t)
2
provided AC(o) C  C . i.e. (see figure 5.6(a))
C(t) = - AC(o) exp(-e^t) 5 .15)
where 2 Ac(o)
C.1 D
5.16)
The above approximation is only valid if the transition region is small
compared with the depletion width W. It is also assumed that 
(see figure 3,7).
The type of pulse described, referred to as a majority carrier pulse, 
momentarily reduces the reverse bias across the junction introducing only 
majority carriers into the region of observation. The effect of this is to
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reduce the net space charge immediately after the pulse giving rise to a 
capacitance transient of the form shown in figure 3.6(a). An alternative 
type of pulse, shown in figure 3.6(b), is referred to as a current injection 
pulse and this is used to drive the junction into forward bias. The effect 
of this is to inject minority carriers into the region of observation.
For a p*-n junction most of the carrier injection will occur in the more 
lightly doped n-type region i.e. hole injection in this instance. In the 
case of a Schottky barrier junction under forward bias the minority carrier 
injection will be insignificant and hence this type of junction is not 
applicable to the study of minority carrier traps. The effect of filling 
traps with minority carriers is to increase the net space charge immediately 
after the pulse giving rise to a capacitance transient of the form shown in 
figure 3.6(b). An injection pulse which introduces a large enough number 
of minority carriers so as to make c^p>c^, in the case of hole minority 
carriers, will completely fill the traps in the region of observation.
This pulse is then referred to as a saturation injection pulse. The 
emptying process is governed by e^ for traps below the middle of the band- 
gap where e ^ »  e^ and it can be shown that for a saturation injection
pulse
C(t) = C. + AC(o) exp(-6pt) 3.17)
where 2 AC(o) = , see figure 3.6(b).
%
3.5 Tran parameters determined from capacitance transients
The activation energy AE and the capture cross-section cr can be 
obtained from the transient capacitance measurement using equation 2.1l). 
Re-writing this equation gives
In (fT^) = A E . / i j  + In k^ 3.18)
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Measurement of the time constant as a function of the temperature T
followed by a plot of ln(T T ) versus ^  yields a slope proportional to AE
T
and a y—intercept proportional to or. Accuracy depends on the measurement
of r and T and on the range over which each may be varied. Measurement of
O' from the intercept on the y—axis is generally inaccurate* Greater 
accuracy can be achieved by measuring the change of AG(o ) (see figure 3.6) 
with varying pulse width. Normally the pulse width is chosen to be of 
sufficient duration to allow all the traps to fill. By reducing the width 
however, it is possible to prevent the traps from completely filling in the 
time available. The result is a reduction of AC(o) and this is related to 
the pulse width by
= - l l n j ^ A c ( o ) ^  -AC(o)] + l n A C ( o ) ^
where AC(o)^ is the value of AC(o) for t^-*OQ . A linear plot for this 
equation yields a value for the capture rate constant c and hence the 
capture cross-section, o'.
The above analysis assumes tnat the capture cross-section is
independent of temperature. It has been shown that for some deep states
( 52 )this is not the case and over a limited range of temperature cr may be 
represented by o- = 0%, exp/-AEooV where errand AE «o are the\ ~kT I
limiting values of cr and AE as T — =>o . A correction for the activation
energy must be made where the measured energy AE is related to themeas
actual energy AE by AE^^^^ = AE + A B =  so that A E ^  must be separately 
determined in order to solve for AE. The capture cross-section cr can be 
found by varying the pulse width, and A E ^  is then obtained from the 
measurement of cr as a function of temperature. In order to measure both the 
majority and minority carrier capture cross-sections simultaneously for a 
given trap then two sequential pulses are required, one to determine the 
filling rate and the other to determine the emptying rate,^^^^^^^
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The trap concentration can be calculated using
^  ^ AC(o) (equation 3.16))
"d ^i
for uniform distributions of and where <K and
(see figure 3.6(a)). This equation does not allow for the fact that traps
are not filled throughout the entire depletion region, see appendix I.
An equation which overcomes this is
£1 3.19)
p
where is the pulse height.
'54)A method of profiling deep levels is given by Lang' ' and will be described
in chapter 4, section 4*2.3. in the context of the D.L.T.S, measurement.
Finally the increase or decrease of capacitance with time can be used 
to indicate the trap type, either majority or minority carrier as shown in 
figure 3.6.
3.6 Deep level transient spectroscopy
Deep level transient spectroscopy (D.L.T.S.) is based on the measure­
ment of capacitance transients as described in the previous sections.
The D.L.T.S. system is calibrated to measure the emission time constant 
as a function of temperature. The major advantages of D.L.T.S, over other 
transient capacitance methods is the way in which the relevant trap inform­
ation is presented and the convenience and speed with which it may be 
extracted.
The basis of the measurement lies in the electronic processing of 
the transient signals. Individual traps at different energies are resolved 
by varying the temperature to bring the response time of each level into 
the measurement window of the system. The essential feature of D.L.T.S. is 
the ability to set an emission rate window such that the apparatus only 
responds when it detects a transient within this window. The window is
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defined by the rate at which the capacitance signal is sampled and this in 
turn is related to the repetition rate of the applied voltage or optical 
pulse. The output of the system is displayed as a spectrum where each peak 
corresponds to a different trap; the height of the peak is a measure of the 
trap concentration, and the polarity (positive or negative with respect to a 
base-line) indicates the trap type, either majority or minority carrier.
The type of signal processing initially employed by Lang^^^ uses a 
double box-car detector. This is a dual-gated signal averager which 
samples the transient capacitance signal at times t^ and t^ for each cycle. 
The output of the box-car is the difference of the two samples averaged 
over many cycles.
i.e. C(t^) = - AC(o) exp (-et^)
and ^(t^) = C\ - Ac(o) exp (-et^)
for the voltage pulse and capacitance response of figure 3.6(a). The output 
as a function of temperature is given by
R(t ) = - C(t^) = AC(o) exp^-etg) - exp(-et^)
This is a maximum when dRvT) = o
dT
r ---- ----- -
This is the required relationship between the reference time constant 
and the sample times t^ and t^. A maximum output occurs when the time 
constant of the signal , equals Z^.
Two other methods of signal processing that are in current use are 
the lock-in amplifier described by Kimerling and the correlator described
(23)by Miller et.al. In the latter method the system performs a real-time
cross-correlation between the experimental transient signal and an internally 
generated reference exponential waveform. This type of system, referred to
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as the 'Miller' correlator, forms the basis of the D.L.T.S. system 
described in chapter 4, section 4.2.3.
In all these systems the activation energy and trap capture cross- 
section is determined by measuring the temperature at which the D.L.T.S. 
peaks occur for repeated temperature scans at different rate windows.
The concentration of each trap is calculated from the height of the D.L.T.S. 
peaks using the appropriate system transfer function.
There are a number of variations on the standard D.L.T.S. technique.
A modification was proposed by Lefevre and Schulz^ for greater
sensitivity in the measurement of trap spatial distributions. The technique 
is termed double-correlation D.L.T.S. (D.D.L.T.S) and is used to define a 
narrow spatial region in the depletion layer. Another sophistication of
( 57)the technique is discussed by Johnson et.al., the method being referred 
to as constant-capacitance D.L.T.S, (C.C.-D.L.T.S). This method employs 
feedback to hold the depletion width constant by dynamically varying the 
applied voltage during the transient response. This allows for greater 
accuracy in the measurement of deep level profiles at high trap densities.
Conventional D.L.T.S. uses a voltage pulse as a means of excitation. 
Mitonneau et, al.^^^^ have described a technique termed optical D.L.T.S. 
(o.D.L.T.S) which uses light of below-band-gap energy to perturb the 
occupancy of deep levels. This enables minority carrier traps as well as 
majority carrier traps to be observed in Schottky barrier junctions provided
( 59)the traps are optically active. Brunwin et. al. have described a D.L.T.; 
technique whereby minority carrier traps involving non-radiative transitions 
can be observed in Schottky barrier junctions. This method is referred to 
as minority carrier trap spectroscopy (m.c.t.s.) and can be used to measure 
minority carrier capture cross-sections.
D.L.T.b. is one of several capacitance techniques in current use. 
Photocapacitance is sensitive but not particularly useful as a survey
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technique since the data is collected point by point and the analysis is 
complex. Admittance spectroscopy can be regarded as a spectroscopic 
method, as is D.L.T.S., however the technique is limited to the study of 
majority carrier traps. Before the introduction of D.L.T.S. probably the 
best survey method was T.S.CAP and D.L.T.S. may be viewed as being an 
improved version of this technique with the advantages of:-
1) Greater sensitivity. D.L.T.S. is a repetitive experiment using 
many repeated excitation pulses during a single temperature scan 
in contrast to the single shot technique for T.S.CAP, The effect 
of the former is to translate the frequency band of measurement 
away from d.c., hence reducing the l/f noise.
2) Greater range of observable trap energies.
3) Greater convenience to use and easier interpretation of the data.
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CHAPTER 4 
EXPERIMENTAL TECHNIQUES
4.1 Experimental method
4.1.1 Material
The GaAs layer types used in this study were:-
1) Undoped hulk, n-type GaAs, <100> , n”^ ~ lO^^cm”^,
2) Doped bulk, n-type GaAs, <100> , n"*"- lO^^cm"^.
3) V.P.E, n-type GaAs, <100> , n/n^^ (without buffer layer), 
n~10^^-10^^cm ^ sulphur doped, n"^ "^  ^ 3xlO^®cm~' tellurium 
doped.
4) V.P.E. n-type GaAs, <100> , n/n'^ /n"*”*' (with buffer layer),
n~10^^-10^^cm n"*Z lO^'^cm active and buffer layers
sulphur doped, n'^ *^ '^ lO^^cm ^ silicon doped.
The thickness of the active layers for the V.P.E, material was 
typically 1 to 6jw,m; these layers grown on highly doped low resistivity 
substrates are suitable for the measurement of depletion capacitance, the 
series resistance being negligible. The depth region of the capacitance 
measurement can be defined by using material of the appropriate background 
carrier concentration. The lower depth limit is normally set by the zero 
bias depletion width of the junction (p-n or Schottky barrier) and the upper 
limit by the breakdown voltage under reverse bias, (see figure 3.2)
The bulk GaAs was purchased ready-sliced with one side polished. The 
slices of both the V.P.E. and bulk material were diced into 4mm x 3mm samples,
4.1.2 Ion implantation
Most of the implants were carried out using a 500keV heavy ion 
accelerator, oelenium ions (Se^) were implanted at energies of 3ÛCkeV or 
400keV with doses in the range 1 to 3xl0^^cra Oxygen ions (o'* ) were implanted
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at 150keV or 400keV with doses in the range 10^^ to Initially
a few samples were implanted with 0^ at IMeV with a dose of SxlO^^cm”^ 
using a Van de Graaff 2MeV accelerator. In each case the dose rate was 
kept to below 50nA cm the beam current being set for a minimum implant 
time of about 20 secs. Zinc ions (Zn*) were implanted at 60keV with a dose 
of IxlO^^cm ^ and a dose rate of between 0.1 and 0,5jxk cmT^.
All the implants were carried out at room temperature in a vacuum, 
typically 10 ^torr. In each case the ion beam was aligned in a direction 
at 8*^  to the <100> surface normal to minimise channeling effects. Prior 
to implantation the samples were boiled in concentrated hydrochloric acid 
(HCI) followed by rinsing in organic solvents.
4.1.3 Encapsulation and thermal annealing
The active surfaces of the samples were encapsulated prior to thermal 
annealing in order to prevent out-diffusion of the dopant atoms and to 
minimise decomposition of the GaAs, In most cases the encapsulant used was 
a C.V.D. silicon nitride (Si^N^) layer grown at 630°C for 30s in a nitride 
apparatus of the type described by Donnelly. Film thicknesses were 
typically in the range 500 to 1000£ this being determined from the film 
coloration. An earlier type of nitride apparatus was used in some of the 
initial experiments the results of which are given in chapter 5 section 5.1. 
Various growth conditions were tried using this apparatus, such as 580°C 
for 5®ins, 750°C for 20s, and 900°C for 30s. After thermal annealing, the 
Si^N^ films were removed by dissolving in warm hydrofluoric acid (HF) 
followed by rinsing in distilled water and methanol.
Two types of thermal anneal have been employed;-
1. Conventional thermal annealing
The samples were heated in a furnace in a flowing nitrogen atmosphere 
at between 700^0 and 800°C. The annealing times were 15 mins at 700°C and 
750^C, and 5 mins at 800^0.
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2. Pulse thermal annealing
This annealing procedure was carried out using the nitride apparatus 
following Si^N^ deposition. The samples were heated to 900°C for about 30s 
in a flowing nitrogen atmosphere. The time taken to reach 900^0 from a 
starting temperature of 200°C was about 12s and this included a temperature 
overshoot of about 10°C, after which the annealing continued for about 18s,
4.1.4 Pulsed laser annealing
The samples were laser annealed using a ruby laser, operated in the 
Q-switched mode, to. produce high energy pulses of about 25ns duration. The 
laser energy densities were in the range 0,2J.cm"^ to l,2J,cm~^ the different 
values being obtained using a set of filters each transmitting about 60/t of the 
incident energy. The beam diameter was set at 8mm in order to encompass the 
entire 4mm x 3mm sample area, No surface encapsulant was used for any of 
the anneals. In all cases a single laser pulse was used and the samples 
were held at room temperature. Most of the samples were irradiated in air 
but a few were annealed in an oxygen rich atmosphere. The sample holder in 
this latter case was evacuated using a rotary pump and then filled with 
oxygen and held at an over-pressure of about 3p»s.i. The window of the 
sample holder attenuates the incident laser energy by about 25^ .^ Energy 
densities were measured using a calibrated monitor, coupled with a 45° beam 
splitter which samples 10/: of the incident beam. After laser annealing, 
the samples were etched in boiling HCI for 3 to 4 mins to remove gallium 
precipitates from the active surfaces,
4.1*5 Ohmic and Schottky barrier contacts
Ohmic contacts were formed to the back surface (substrate) of the 
samples by alloying tin (Sn) dots at about 200°C, Ohmic contacts were made 
to the p"*" Zn^ implanted layers by evaporating gold ( Au), at room temperature, 
through a mask to define 1mm diameter contact areas. After the evaporation
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the Zn^ implanted samples were heated in a furnace at 15P°C for 15 to 30 mins 
to allow some alloying of the contact to occur. Finally the samples were 
dipped in a 3:1:1 etchant of H^SO^ - H^O^ ~ for 20s followed by
thorough rinsing. The etch rate of about l^ um per 10s produces the mesa type 
structure shown in figure 4,l(a) where the Au serves as a mask during the 
etch and defines the area of the p^-n junctions,
Schottky barrier contacts of 1mm diameter were made to n-type GaAs 
by evaporating aluminium (A1) through a mask, (see figure 4.1,(b)), There 
are three generally accepted methods for making Al-GaAs Schottky barrier 
contacts^^^^ and these are:-
1) A1 deposited at room temperature
2) A1 deposited at an elevated temperature
3) A1 deposited at room temperature followed by heating in 
a furnace.
In.the early experiments the contacts were formed using the first 
method which is the simplest. Prior to evaporation the surfaces of the GaAs 
were lightly etched using either
l) Bromine(Bromine-raethanol 1:400)^^^^ 
or 2) HgSO^-HgOg-BgO (lîl;120)
Neither method was found to be wholly satisfactory since the diode character­
istics were non-ideal having low barrier heights and high reverse leakage 
currents. As a result, in later experiments the contacts were formed using 
the second method. Here the samples were heated to about 100°C during the 
evaporation process. Prior to the evaporation of the A1 an etch of 
HgSO^-HgOg-H^O (l;l:120) was used to remove approximately 300R from the 
surface, this taking about 1 min. The samples were then rinsed in cold HF 
to remove any residual oxide, followed by rinsing in distilled water and A,R. 
methanol. This procedure was found to work well resulting in ùchottky
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Fig. 4»! Olimic and Schottky barrier contact:
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barriers with barrier heights of about 0,8eV and ideality factors of 
around 1.1. (see chapter 5» section 5.2).
Finally the samples were mounted on TO-5 headers prior to carrying 
out electrical measurements. Silver loaded epoxy (Able bond 36-2) was used 
to cerment the back surfaces of the samples to the headers. The epoxy was 
then cured in a furnace at 150 C for half an hour. On the early samples, 
fine platinum wire was used with the conducting epoxy to form contacts 
between the A1 pads and the posts on the headers. These contacts were 
found to deteriorate with time and with repeated temperature cycling in the 
D.L.T.S. measurement. As a result later samples were ultrasonically bonded, 
using gold wire. After bonding, caps were soldered to the headers to 
protect the samples during handling ana. during the subsequent measurement 
procedure,
4.2 Measurement techniques
4.2.1 I-Y characteristics
The parameters obtained from I-V measurements on the p^-n and Schottky 
barrier diodes were; the ideality factor n , the reverse saturation current 
^o’ barrier height 0^, and the breakdown voltage V^. For both types of
junction the ideal diode equation is given by
I = lo [ exp(eV/kT) - l] - 4 .I)
This can be modified for non—ideal behaviour using
I = [ exp (eV/nkT)j 4.2)
for values of V greater than a few kT/e.
The ideality factors and reverse saturation currents were obtained from plots 
Inl versus V where the slope is proportional to l/n and the intercept 
gives the value of I^. For Schottky barrier diodes, the current flow is 
governed by thermionic emission theory and this current may be expressed as
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= AR*T^exp/-eÇ^\ 4.3)
\ kT ' j
where A is the contact area, and R* is Richardsons constant which is
modified to take into account the effective mass m* of electrons in the
semiconductor, i.e. ^  ^
R
-2 -2 (65)where R is Richardsons constant = 12ÛA.K*” cm” and m is the freeo
electron mass, m* = 0.068 for GaAs under low field conditions. The
barrier heights 0, were determined from the measured values of I . The
' D O
above theory is not applicable to p^-n junctions since current flow is in 
this case governed by diffusion processes. is given by
I = e D.N exp/-e o h V 1^
where and are the diffusion constant and diffusion length for holes 
respectively.
Another method that was used to determine the barrier heights of the 
Schottky barrier diodes was to measure I with temperature T, for a constant 
forward bias voltage V^. The barrier heights were obtained from plots of 
Inl versus 1/T where the slope is given by (0^-V^)e/k provided is greater 
than a few kT/e.
Recombination current is another type of current transport mechanism 
and can be important in Schottky barrier diodes where there are high 
concentrations of recombination centres present in the junction region.
The recombination current is given by
4 .4)1 = 1  r ro ext? (eV \ - 1 . * \2kT/
where I = en.W , ro 1
2 r
/_E \n. is the intrinsic carrier concentration and is proportional to exvl g ] ^
 ^ \2kT/
tt is the depletion width, and ? is the recombination lifetime. From a plot 0:
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Inl versus 1/T the slope yields /E -eV_\ in cases where the recombination
\ ~^2k i
current dominates the barrier thermionic emission current* The recombination 
current can be dominant in junctions at low temperatures where there are 
high concentrations of deep centres giving rise to low lifetimes. Plots of 
Inl versus 1/t were used to show the presence of both types of current 
mechanism in the Schottky barrier diodes*
4.2*2 Capacitance versus voltage and temperature measurements
Capacitance versus voltage (C-V) measurements were used to assess the 
behaviour of the p*-n and üchottky barrier junctions prior to the D.L.T.S, 
measurements. In the cases where the junctions were shown to be abrupt and 
uniformly doped then the diffusion potential V and the doping concentrationo
were obtained from the plot of l/c^ versus the reverse bias voltage V_ ,
(see equation 3*9)). The barrier heights 0^ of these junctions were determined 
using the values of and the Fermi energy (see figure 3*l), the latter 
obtained from figure 3*4.
Capacitance versus voltage measurements at various temperatures were 
used to determine the total trap concentrations. The junctions were reverse 
biased at room temperature or above to allow the traps in the depletion 
region to empty. The samples were then cooled to a low temperature, 
typically 77K, while maintaining this bias. The reverse voltage was 
reduced to some value , usually zero volts, and then returned to its 
initial value, to allow the traps to fill. The traps tend to remain full at 
this lower temperature where the thermal emission time is very much longer 
than the time duration of the experiment. C-V plots were obtained by first 
decreasing and then increasing the reverse bias voltage. The ratio of the 
trap concentration to the background doping concentration N_ was estimated 
from the hysteresis in the C-V plots using
= 4.5)
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where and are the capacitance of the junctions with the traps full 
and empty respectively, (see appendix l). Alternatively the trap concentra­
tions were determined from the difference in the slopes for the plots of l/C^ 
versus derived from the C-V curves. Aspects of the above measurement 
technique are discussed more fully in appendix I.
Point by point C-V profiling
Carrier concentration profiles were obtained from point by point C-V
measurements at high temperatures ~  100°C, and at low temperatures ~77K
using the above method for filling and emptying traps. The slope of the C-V
plots at various values of C were obtained from successive measurements of C
and V^ to give differential values of AC and AV^. Using the conventional
profiling equation - ^  (equation 3 ,12))
C^ £eA^K(x) 
then w(%) and x were computed using a program to give
K(x) = V-'A,
Cl-=2 6eA2
where C = C +C and x = 2&k
2 C1+C2
The high temperature C-V measurements allow all the traps to empty at a
faster rate than the rate of change ,of bias, (W . This measurement can
R
therefore be regarded as a low frequency measurement, as discussed in 
chapter 3 section 3*3, and is equivalent to the low temperature C-V measure­
ment when the traps are initially empty. The low temperature measurements 
with the traps full correspond to a high frequency measurement and these 
were used to determine the free carrier concentrations in the neutral 
material. Profiles of the total trap concentration were obtained from the 
difference in the high frequency and low frequency measurements, (see 
chapter 3, section 3,3).
The above theory takes no account of the transition region, however
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Brotherton describes this type of experiment more fully and takes this 
region into consideration.
Thermally stimulated capacitance T.S.CAP.
This measurement technique was used in certain instances to determine 
the trap activation energies for comparison with the D.L.T.S. measurements. 
The junction capacitance versus temperature for a large reverse bias was 
recorded by heating the samples starting at the temperature of liquid 
nitrogen with two initial conditions; (i) traps in the depletion region full 
of electrons and (ii) traps in the depletion region empty of electrons.
The filling and emptying of traps was achieved by the methods previously 
described. The first of these conditions is needed to thermally empty the 
trapped charge at a given temperature and the second to correct for the 
temperature dependence of the diffusion potential and dielectric constant.
The capacitance difference AC for the two curves was plotted as a function 
of temperature. Activation energies were calculated from this plot using 
the analysis of Sah et. The appropriate equation is
AE = In / a T \ ln/_Ml 4.6)
where T is the temnerature at which AC is half its maximum value and m
e = A exp ( - A b \ for electron traps (from eouation 2.8)), B is the 
* * \ kT /
heating rate constant, A = T^ (see equation 2.11)) and k is related to
the capture cross-section, O' . In calculating AE a value of cr was chosen,
-13il 2 (1°)For electron traps in GaAs a typical value of is 10 cm . The
uncertainty in the value of is a major drawback of this measurement 
technique.
4.2.3 D.L.T.S. measurements
The D.L.T.S. technique has been used to characterise deep levels in 
terms of their activation energies and capture cross-sections and to measure
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their concentration with depth. Both majority carrier and current injection 
pulses have been used as the means of excitation,
4*2.3.1 Signal processing
For most of the measurements the signal processing was performed
(23)using a correlator of the type described by Miller.’ ' • This system performs
a continuous, real-time, cross-correlation between the experimental transient
signal and an internally generated reference exponential waveform, A peak in
the output occurs when there is correlation between the time constant of the
signal T and the time constant of the reference T . The correlator s r
electronics, shown in figure 4.2, consists of a 'base-line restorer*, an 
analogue multiplier, an integrator, a reference function generator and the 
appropriate control logic. In order to force the correlator output to go 
through a peak when equals the input signal is modified. The method
employed is to subtract from the signal a sampled value at time t =■ k 
after each voltage excitation pulse. The base-line restorer performs this 
function, shown within the dotted lines in figure 4.2. The reference 
exponential waveform is synchronised to start at the end of each excitation 
pulse and is then multiplied with the signal and integrated over R cycles, 
where N can be preset for values of R = 1 to 9. The cycle time, that is the 
time between excitation pulses, is k where k is a fixed constant of the
correlator. At the end of each cycle a trigger pulse is sent to the voltage 
pulse generator to initiate the next excitation pulse. The correlator 
function is given by
dt
NkT r
= A
" 0
J V^ exp(-t/r^ ) ( V^ exp(-t/Tg) -V^ exp(-kr^ /Tg)j dt
 4.7)
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where A is the correlator gain
is the reference voltage at t = o* (immediately after the pulse) 
is the signal voltage at t = o^,
where = k ’ AC(o) where k' is the gain factor for the capacitance meter 
and Ac(o) is the amplitude of the capacitance signal at t = o^,
see figure 5*6.
Integrating equation 4.7) gives
V A X  exp(-k{Z )\ -exp/-kT\+ X  I s r I  r ' 4.8)
This is the correlator function, shown in figure 4.5* For a peak value given 
by A n c ( d  R^e(^ ) = o, and the requirement is that at the peakXfcO S lu d X f ALkj S *
d T  -y -y8 1 = 1 ,s r
Differentiating equation 4.8) with respect to and letting X^ = 7 ,^ then
(2k-l)exp(-2k)-4kexp(-k)+l=o.
Solving for k yields the value k = 2,06, A value of k = 2,1 has been 
programmed into the correlator so that the output peaks when equals 
The value of is presetable in 1ms steps in the range 1 to 199ms. Further 
details relating to the correlator electronics are given in appendix IIIA.
4,2,5.2 D.L.T.S, apparatus and measurement procedure
A schematic diagram of the D.L.T.S. apparatus is shown in figure 4.4. 
The central component of the system is a cryostat, which was especially 
designed for the D.L.T.S. measurement. Earlier work by Bull^^^^ of Surrey 
University showed that one of the major practical problems with this measure­
ment is the need to measure the temperature of the samples accurately while 
the temperature is rapidly varied over a wide range, A D.L.T.S. scan, to be 
•performed within a reasonable time, say less than 40 mins, over a temperature 
range of about -200°C to +200°C, requires a temperature heating rate of
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12® per min. The temperature of the sample must be accurately tracked to 
within - 0.5° in order to measure activation energies to better than - 0,05 eV,
The cryostat, shown in figure 4.5, was designed to fulfil this requirement
and consists of a 'cold finger', for liquid nitrogen, which supports an 
electric heater. The samples, mounted in TO-5 cans, sit in a *D* shaped 
copper block attached to the base of the 'finger'. A thermocouple was 
permanently fixed, using silver loaded epoxy, inside a tiny hole in the 
centre of a dummy GaAs sample. The dummy sample was mounted to the header 
of a TO-5 can in an identical manner to the samples under test. The complete
TO-5 can plus thermocouple is fixed to the base of the 'cold finger' in
close proximity to the test sample as shown in figure 4.5.(b). For the 
D.L.T.ü, measurements the cryostat was normally held at earth potential and 
the samples and thermocouple were electrically isolated using thin mica
sheeting at the base of the 'cold finger'.
The initial measurement procedure was to mount the samples in the 
cryostat and then to evacuate the latter using a rotary pump via a liquid
nitrogen 'cold trap'. After this process,which was used to remove any water
vapour, the cryostat was filled with dry nitrogen gas. The gas was necessary 
in order to achieve a rapid change in temperature for both the sample and 
thermocouple and to obtain a rapid temperature equilibrium between the two.
A Boonton IkHz capacitance meter (type 72B) was used to measure the 
transient capacitance signal following the excitation pulses. The majority 
carrier voltage pulses, provided by a Lyons pulse generator (type PG-2B), 
were applied to the samples via the biasing circuitry of the capacitance 
meter. The pulse duration was typically 2ms to allow time for the meter to 
respond, the response time being about 1ms. Current injection pulses were 
applied using external circuitry where the meter was electronically gated-out 
for the duration of the pulse to avoid the problem of measurement associated 
with the high shunt conductance of the diodes in forward bias, Stray
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Fig. 4.5 Cryostat, (a) Top view, (b) Lid inverted
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capacitance or alternatively the d.c. component, C^, of the transient 
capacitance signal (see figure 5.6) was balanced out where appropriate 
using capacitors connected to the 'Difference' terminals on the capacitance 
meter. The capacitance measurement and the methods of biasing are described 
in further detail in appendix II.
The analogue output of the capacitance meter was fed to the input of 
the correlator. The output of the latter went directly to the y-input of a 
chart recorder and the thermocouple was fed to the x-input. In some cases 
the temperature was controlled linearly over a pre-determined range using 
a Thor Cryogenic temperature controller. A linear heating rate is not an 
essential requirement for D.L.T.S. measurements and therefore in most cases 
the temperature was simply controlled manually, using a variac connected 
directly to the heater. Viith the present cryostat this latter method was 
preferred as electrical noise from the switching of the triacs in the 
controller was found to be troublesome. Finally the transient waveform 
from the capacitance meter was visually monitored using an oscilloscope 
connected to a monitor point within the correlator, see figure 4,2. This 
enabled a check to be made against overloading at the input to the analogue 
multiplier,
4.2.5.? Measurement of trap parameters 
Activation energy AE and capture cross-section cr
Two types of excitation pulse were used, these being either a majority 
carrier pulse where the reverse voltage was generally set equal to the 
pulse height and was of the order 4v to 8v, or a current injection pulse 
where was greater than by about 0.5v (see figure 3.6). A D.L.T.S. scan 
was accomplished by first cooling the sample to about 77K and then gradually 
heating the sample to typically 150®C over a time period of about 20 mins. 
Figure 4.6 shows a typical D.L.T.S, spectrum obtained for a sample with 
majority carrier traps , indicated by positive peaks with respect to a baseline,
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The individual levels were characterised by repeating the temperature scan 
with different values for the reference time constant The gain of the
correlator is related to the value of and to the number of integration 
cycles N, from equation 4.8). N was therefore varied for each value of 
to scale the magnitude of the output accordingly.
Usually six values of Z and T were obtained where was set to 10ms,
20ms, 50ms, 50ms, 70ms and 90ms. A calculator least squares program was used
to obtain a best straight line fit for a plot of log Z T ^ versus 1/t, shown in
2the insert to figure 4.6, Log TT was taken to be the accurately measured 
variable in this plot. The activation energy AE and capture cross-section cr 
were obtained from the slope and intercept respectively as given by equation 
3.18), The capture cross-section was calculated from the value of in 
equation 3.18) using
/ \l/2/ 2 \3/2k. = .El ! . ( h \ . %  see equation 2.11)
2K 3k /  2mn*k J ^
The number of band minima M was taken to be K =1 and M =1 for the conductionc  V
and valence bands respectively. The degeneracy factor g was taken to be
g=2, for electrons^^^^ and holes. m * = 0.068m and m^* = 0.48m were thee o h  0
values used for the effective masses for electrons and holes respectively^ 
where m^ is the free electron mass. These effective masses are applicable 
under low field conditions. Uncertainties in the measurement of AE were 
typically io,03eV, and cr was inaccurate over about one order of magnitude.
In some cases a rough estimate of the activation energy was obtained from a 
single D.L.T.S. scan using a standard reference time constant and assuming 
the value of the capture cross-section to be cr^  = 10  ^ cm^, for electrons.
A time constant of 30^5 was used as a standard in these measurements and the 
calibration curves for AE versus T, based on this value, are shown in 
figure 4,7 (Obtained from equation 2,ll)).
In the above measurements of the canture cross-section no correction
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has been made to allow for the possible temperature dependence of the deep 
levels as discussed in chapter 3, section 3*5* The effect of ignoring this 
correction is considered in the discussion of the results in chapter 6,
Trap concentration
The concentration of majority carrier traps was measured using a 
majority carrier pulse where the height of the pulse was set equal to the 
reverse bias i.e. = V^, The concentration of minority carrier traps was 
measured using a saturation current injection pulse. The injection current, 
in this case, was increased until there was no further increase in the height 
of the D.L.T.J. peak, corresponding to saturation. A typical value for the 
saturation current was 5niA. The pulse width was set to 2ms in each case, 
this being of sufficient duration to completely fill the deep levels in 
question. The capture time constant l/c^ or l/c^ is generally about 1 pis or 
less for the temperature range covered in these experiments (see equation 
2.9)).
For both types of pulse the trap concentration was calculated from the 
height of the D.I.T.Ü. peak using the transfer function for the correlator. 
The transfer function is given by equation 4.8) where
:s)max = W s  4.9)
where T = T and where k = 2.1. V = k'AC(o)5 r s
For a spatially uniform distribution of traps and shallow levels then 
lifp = 2 AC(o) (equation 3.16)) for c
and ^  (see figure 3*6)
In cases where was not applicable then a correction factor was
applied where
= 2 AC(o) / V. + V \ equation 3.19)—i. --  . I —Ü-------- ii 1C. \ V /
^ P / (see appendix l)
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This correction factor gives an improvement of lO^ - for V = V = 8v andK p
20^ for = Vp = 4v. Combining equations 4.9) and 3.16) then
= ^ ^ ^ s ^ m a x ________  4.10)
A N r V  (exp(-k)-l)^C.k' r r 1
This reduces to
fr = \ L a x  4.11)
3 8 . 5 N T A C . k '  r s 1
using the constants for the correlator, see appendix IIIA.
This equation has been used to determine the concentration of individual 
traps by measurement of the heights of each peak in the D.L.T.S. spectrum 
(see figure 4.5),
Profiling of deep levels h'^(x)
Two methods for profiling non-uniform trap distributions have been 
employed;- 
Method 1
Langs m e t h o d ^ u s e s  eauation
Ac(o))
eNjj(w)W Mg 4.12)
The derivation of this equation is detailed in appendix I. Profiles were 
obtained by varying the reverse voltage and keeping the pulse height 
constant. was varied from typically Iv to 6v, and was set at 0»5v and 
Iv for each value of to give a change in pulse height of 0.5v, for 
each measurement. Two corresponding values of AC(o) were determined,the 
difference (^ AC(o)) relating to the change in the height of the D.L.T.S. 
peak, A profile of N^(x^) was derived using equation 4.12) and from the 
known impurity profile N^(x^).
— T1 —
Method 2
This is a very much simpler method and has been used to obtain most of the 
trap concentration profiles shown in chapter 5. This method uses the 
conventional C-V profiling equation (equation 3*12))• This equation has 
been modified for profiling deep levels to give
5
2 AC.AeA L 2 1.
as detailed in appendix I.
4.13)
AV = V^-V^, AC^=C^-G^ and AC„=C,-C^ (see figure 3.6).
The reverse voltage was varied in the range Iv to 5v while keeping the 
pulse height AV constant at 0.5v. AC^ and AC^ were derived from the 
measurement of AC(o), C^ and C^ where Ac(o) was determined from the height 
of the D.L.T.S, peak using equation 4.9) and and C^ were measured on an 
oscilloscope. Profiling was accomplished using a calculator program to 
solve
= (VR-Vtl .
8£eA^ (Gt-Gi) (Gt-G,) j
4.14)
and X = 2&A 4.15)
Gf+Gi
In both the above methods the samples were held àt a fixed temperature 
to within -2°C for the duration of the experiment, the temperature (T^^^) 
corresponding to the D.L.T.S. peak position, (see figure 4,6), The changes 
in peak height were measured for changes in the values of V^ and (or AV) 
appropriate to each profiling method.
4.2,3*4 System performance
One of the initial problems when setting up the D.L.T.S. apparatus 
was concerned with the accurate measurement of temperature. Experiments 
were carried out to examine this problem and a cryostat was designed on their 
basis. (see section 4.2.3.2.) The present cryostat arrangement has been
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shown to give highly reproducible D.L.T.S. peak temperature positions, T^^^,
for a high rate of heating. Typical hysteresis (heating and cooling at
different rates) was a deviation in T of less than 1° for a maximum ratemax
of 30° per min. This enabled a temperature scan to be completed in about 
20 mins.
A gold doped silicon diode supplied by Philips Research Laboratories 
was used to check the calibration of the system. Gold in silicon is a well 
known acceptor level at 0.54eV. For the measurement of trap concentrations 
the gain of the correlator must be known. The gain of the 'Killer' 
correlator was calculated, as shown in appendix IIIA, and the measured gain 
was found to be in agreement to within 20^ i. The D.L.T.S. system has been 
shown to give highly reproducible results in close agreement with the results 
of others.
The range over which activation energies can be measured with this 
apparatus was estimated as shown in figure 4.8. Temperature can be varied 
from about lOOK up to 470K and the reference time constant varied from 10ms 
to 100ms. The lower time limit is governed by the response time of the 
capacitance meter (^Ims) and the upper limit is determined by the D.L.T.8. 
scan rate. For these limits the In(CT^) versus 1/t plot for each trap must 
lie within the boundaries shown in figure 4.8. Most of the electron traps 
catalogued by Martin et. al.^^^^ have electron capture cross-sections lying 
between 10 '^’cm^ and 10 the mean capture cross-section being of the
order 10 ^^cm^. This approximate range for the electron capture cross- 
section was used to specify a maximum activation energy AE of about 
l.leV and a minimum AS of about 0.l6eV.
The system sensitivity was estimated in terms of the ratio as
depicted in figure 4.9. The sensitivity depends on the value of the reverse 
voltage applied to the sample and on the selected range of the capacitance 
meter. The signal to noise ratio associated with the capacitance measurement
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using the Boonton was found to he governed by the instrument, where the 
noise contribution from the samples under test was negligible provided the 
reverse leakage currents were less than about lOOjiA, The noise output level 
from this instrument was shown to be constant irrespective of the capaci­
tance range. The sensitivity of the D.L.T.S. system was estimated by 
measuring the r.ra.s. noise at the output of the ’Miller' correlator and 
referring it to the system input. The minimum detectable capacitance 
AC(o)^in was measured to be about O.lpF on the lOOpF range. Greater 
sensitivity can be achieved using the lOpF and 50pF ranges and this was 
obtained in the D.L.T.S. experiments by balancing out the reverse bias 
capacitance using the 'difference* terminals on the capacitance meter, 
(see section 4.2.3.2.), Using these ranges the system is capable of a 
sensitivity of the order 1 in 10^,
The resolution of deep energy levels is dependent on the values of
the activation energies and capture cross-sections and on the nature of the
correlator function. The resolving capability of the system can be defined
in terms of a so-called correlator line-width, This is the ratio
of the two values of Z for the correlator function ) at half the peaks RS s ^
value (see figure 4.3)* This is a factor of about 25 for the 'Miller* 
correlator. Obviously the smaller this factor the better the resolution,
4,2.3*5 Peak analyser 
High sensitivity
The reference function generated within the 'Miller* correlator, 
described in section 4.2,3.1*» is an exponential waveform and was chosen to 
match the shape of the input experimental signal. This choice was based on 
the principle, that for an optimum signal to noise ratio (o/m ) the reference 
waveform should be of the same basic shape as the noise-free signal. The 
'Miller* correlator,however,is not optimum due to the modification required 
to obtain a peak output, i.e. the use of a base-line restorer. The effect
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of the base-line restorer is to inject the full input noise into the 
correlator via the sampling process at time t = k T . Hodgart has derived 
an optimum reference function which gives the best possible s/n while at 
the same time producing a correlator peak where = T .^ ^  This 
reference function is of the form
Vy(t) = 1  ,(l “ t/r^J exp(-t/r^) 4.16)
^r
shown in figure 4.10(a).
The correlator function is given by
R g g ( = A ^  Vg exp(-t/Cg). Vy(t).dt
o
and the solution of this is of the form
( V l f
where A is the correlator gain.
This correlator function is shown in figure 4.3*
A digital approximation to this reference function was derived and 
is shown in figure 4.10(a). A correlator based on these ideas, referred to 
here as a peak analyser, has been constructed. A schematic of the electronics 
is shown in figure 4.ic(b). Multiplication of the reference function with 
the input signal is very simply achieved by the sequential switching of 
resistors at the input to the integrator. The effect is to scale the signal 
at the appropriate instances according to the digital approximation. 
can be set for each D.L.T.S. scan using a voltage controlled oscillator 
(V.C.O.) to define the clock frequency. The logic control is centred 
around a programmable-read-only-memory (P.H.O.K.) which stores the reference 
function. The sample and hold circuit (s/h ) with the feedback loop is used 
to reset the integrator and serves to define the output filter response.
The electronics is described in further detail in appendix ÏIIB,
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The voltage S/N for this system was measured and results indicate 
an improvement over the ’Miller* correlator of 20:1. The correlator was 
incorporated into the D.L.T.S. apparatus and the peak positions, when 
measured as a function of temperature, were found to agree to within 0.5° 
with those previously obtained using the 'Miller* correlator. The 
concentration of traps was measured from the height of the peaks using 
both types of correlator and were in agreement to within 5?°- The S/n 
improvement using the peak analyser was predicted, from theoretical calcul­
ations, to be about 50:1, using the improvement factor given by
4
where and are the output filter time constants for the peak analyser
and ’Miller’ correlator respectively. H and H are the relative (s/l0‘'p m '
factors for each system as listed in figure 4.11.^^^^
H = 0.87 and H = 1.2
° “ 1+
where is the input noise band width. The (s/k )^ factors are normalised 
where this factor is unity for the optimum analogue function, and
were chosen to match the D.L.T.S. temperature scan rate, see appendix III.
The various types of reference function currently used in D.L.T.S. systems 
are compared with those discussed above in figure 4*11. Resolution is 
specified in each case in terms of the correlator line-width.
High resolution
The correlator reference function previously described was chosen to
give the best measurement accuracy for both the amplitude (D.L.T.S. peak
height) and the signal time constant while at the same time to force the
correlator output to neak when T = T . Where there is onlv one trap level8 r
present in a sample and only one single transient signal then this objective 
is achieved, hhere there are several levels present and in close proximity
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then this is no longer the case. As shown in figure 4.3 this correlator 
has poor resolution with a line-width of about 30 (see figure 4.II).
Hodgart has derived a family of reference functions aimed at improving the
(25 )resolution for a slight trade off in signal to noise.■
The reference function of the form shown in figure 4.10(c) has been
incorporated into the peak analyser. The correlator function is given by
4.18)
W h e r e  t^/T = 2/ll and = T/i.52
This function is shown in figure 4.3. The electronic implementation using 
this reference function is of the same basic form as the circuit shown in 
figure 4.10(b). The high resolution function was programmed into the P.R.O.H. 
along with the reference function for high sensitivity, and either function 
can be selected by the user. The electronics is described in further detail 
in appendix IIIB.
The peak analyser used in the high resolution mode has a correlator
line-width of about 7 and this is in agreement with the value that was
predicted theoretically. This correlator, when incorporated into the D.L.T.S. 
apparatus, gave a marked improvement in the resolving capability of the 
system when samples with two or more levels in close proximity were examined. 
The improvement is achieved at the expense of a reduction of 4:1 in the S/n , 
compared with the analyser used in the high sensitivity mode,
4.2.4 Minority carrier lifetime measurements
The minority carrier lifetime (for holes) for the p^-n diodes was 
measured using the current injection-extraction technique. A constant 
current source was used to inject current Ip across the forward bias diode 
junction. At some instant a current sink was applied to the diode which 
results in a flow of reverse current, I^. The reverse current is
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characterised by a plateau region of time duration t^, the storage time 
for minority carriers, and then a decay period. The total time between 
switching and the current I reaching the value 0,1 1^, is the recovery 
time t^, shown in figure 4.12(a). The voltage across the diode reverses 
at the end of the storage time. The solution to the recovery equation is
exp/eV\ -1 
\kT/ = Ip(l-erfVt/r) - erf Jt/x
The voltage is zero when t = t^ therefore
erf /t~ =
r
1 + I. -1 4.19)
The minority carrier lifetime X was calculated from the measured values of
A high frequency pulse generator (Lyons FG-24) was used to provide 
the switching action for the current injection-extraction measurements 
shown in figure 4.12(b), The waveforms were monitored using a 275MHz 
Hewlett Packard 50 52 oscilloscope and the injection-extraction currents 
were typically 10mA to 40mA.
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CHAPTER 5 
EXPERIMENTAL RESULTS
The results are presented chronologically in two parts, the 
preliminary results (part l) in section 5.1 and the main results (part II) 
in section 5*2. The results from measurements on the as-grown V.P.E. and 
hulk GaAs are summarised in section 5.2.1. Sections 5*2.2. and 5.2.5. shoW 
the effects of thermal and pulsed laser annealing of unimplanted GaAs 
respectively, and section 5*2.4. details the results from the combined 
process of ion implantation and either a thermal or a pulsed laser anneal.
The D.L.T.S. spectra shown in this chapter were obtained using a
reference time constant of 50ms. Where two or more spectra are compared,
the baselines (dotted) are vertically displaced for clarity. The trap
parameters are tabulated showing the material type (with layer number in
brackets), the type of processing, the activation energy AB (as measured
from the conduction band), the capture cross-section cr(for electrons in the
majority of cases), and an estimate of the trap concentration N^. The energy
level values underlined, have been extracted from negative D.L.T.S. peaks,
these being indicative of minority carrier traps. In these cases the energy
was measured with respect to the valence band and the capture cross-section
was calculated for holes. Where no capture cross-section is shown, then the
corresponding energy value is very approximate and has been estimated from
the D.L.T.S. peak temperature position using the calibration curves of
figure 4*7. The trap concentrations shown.in the tables, were obtained from
»
the D.L.T.S. measurement assuming both the free carrier concentration and 
the trap concentration to be spatially uniform. Where this is not the case 
then the value of this concentration only serves as a rough indication.
Free carrier and trap concentration profiles are used to show more clearly, 
the effects of a particular process.
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To conclude chapter 5, a brief summary of the main results is 
given in section 5*5.
5.1 ' Preliminary results. Part I
5.1.1 V.P.E. and bulk n-tvne GaAs .
Typical D.L.T.S. spectra for as-grown V.P.E. (with buffer layer) and 
undoped bulk n-type GaAs are shown in figures 5.1(a)(i) and (b)(i) respect­
ively. The trap parameters in each case are listed in table 5.1.
For the as-grown V.P.E. GaAs a single level at 0.83eV was measured.
The plots of l/C^ versus V, shown in figure 5.2.(b) were extracted from the
capacitance, C, versus voltage, V, measurements shown in figure 5.2.(a) and
these are linear implying that the free carrier concentration and the trap
concentration are spatially uniform. The difference in slopes for the plots
from the two low temperature measurements' gives a total trap concentration 
14 -3of 2x10 cm and this is in good agreement with the D.L.T.S. measurement
where N^~2.1xl0^^cm ^ (layer no. US40). The carrier concentration profiles,
shown in figure 5.3, were obtained from the C-V plots of figure 5.2(a). The
profile obtained from the low temperature measurement with the traps initially
empty is shown to be equivalent to the high temperature measurement. The
low temperature measurement with the traps full was found to be in agreement
with measurements using the Copeland method. The difference in the two
profiles shown in figure 5.5(i) and (ii), yields an average trap concentration 
14 -3of 2x10 cm . The trap concentration profile shown in this figure, was 
obtained using the second D.L.T.S. profiling method as described in chapter 
4 section 4.2.3.3»» and the average concentration of l.GxlO^^cm"^ is in 
close agreement with the above. The concentration of the 0.83eV level is 
uniform over the depth region shown.
Pour electron traps were characterised in the as-grown undoped bulk 
GaAs. The O.SOeV level has a similar capture cross-section to that of the
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0.83eV level in the V.P.E, material and therefore it is concluded that these
are due to the same defect. This level, due to its common occurrence in
GaAs, will be referred to here as the A-centre. The concentration of the
A-centre in the bulk GaAs is about one order of magnitude greater than in
the V.P.E* material. Low temperature C-V measurements gave a total trap
15 -3concentration of 7x10 cm and this is in good agreement with the D.L.T.S,
15 -3measurement of 8.2x10 cm • This result was further substantiated by deter­
mining the difference in a room temperature C-V measurement and a Copeland
(71)measurement using the method described by Zohta '•
The different measurements carried out on the as-grown material show 
that good agreement can be achieved using the various capacitance techniques 
discussed in chapter 3*
5.1.2 Si^^^ encapsulation and thermal annealing of GaAs
The effects of Si^N^ deposition at 580®C for 5 mins and thermal anneals 
at 900®C for 30s are shown in figures 5.1(a) and (b) for as-grown V.P.E. and 
bulk GaAs respectively. In general for the V.P.E. material there was no 
significant change in the concentration of the A-centre* In a few cases a 
slight reduction was observed as for instance in the case of layer no. US4Û; 
the A-centre represented by a level measured to be 0.77eV (see table 5-l).
This figure of 0.77eV is probably in error due to the interaction of other 
levels in close proximity. In all cases the thermal anneals at 900®C 
introduced an energy level at 0.49 eV. After annealing bulk GaAs at 900®C 
there is a decrease in the concentration of the A-centre and there is also 
a significant decrease in the total trap concentration. Other nitride growth 
temperatures such as 750®C for 20s and 900®C for 30s were tried; in the 
former case a substantial loss of carriers resulted as inferred from the C-V 
and I-V measurements and so the trap parameters were not measurable. Some 
results however, were obtained for growth at 900®C, see table 5.1.
- 89 -
Table 5.1 Preliminary résulta, Si^N^ encapsulation and 
thermal annealing (T.A.) of GaAs
Material Treatment AB
(eV)
O'
(cm^ )
Total
(cm-5)
V.P.K. withbuffer(U340)
As-grown 0.83 3.GxlD"12 2.1x1o14 2.1xlol4
Si^Nj 580°C 
5 mins
0.77
0.61
6.4x10-14
1.9x10“!^
4,9x1o15 4.9x1o15
V.P.K, withbuffer(JH327)
As-grown 0.83 - 'Z 1x1q14 - lxlol4
Si^N^ 580°C 
5 mine
0.83 - 1.6x1o14 1.6xlol4
Si 580°C j 45 mins+ 
T.A.900°C 308
0.83
0.49 9.1x10-14
1.3x1o14
5.I1I0I5 -
l.Bxlol*
Si^N^ 900°C 
30 s
0.83
0.49 -
4.3x1o15
I.OXI0I5 j 5.3x1o15
Bulk undoped (xk158/2) As-grown 0,800.54
0.37
0.25
1.7x10-15
3.0x10“14
2.7x10-15
2.2x1o15
9.8x1o15
9.9xlol4
4.9x1015
8.21I0I5
Si^N^ 580°C 
5 mins + 
T.A.90C°C 30s
0.83
0.37
0.25
7.4xlol4
9.4x1o15
1.5x1014
9.8x1o14
Si^N^ growth at 580 C, produces no significant change in the free 
carrier concentration, but after a thermal anneal at 900®C or Si^N^ growth 
at 900®C there is a loss of carriers towards the surface, shown in figure 
5*4. This loss of carriers cannot be accounted for by the measured trap 
concentrations in this depth region.
Many of the D.L.T.S, spectra exhibited negative D.L.T.S. peaks after 
sample heat treatment, these being indicative of minority carrier traps.
The detection of these peaks using Schottky diodes was unexpected, this device 
normally being associated with majority carriers. An explanation to account 
for their presence is given in chapter 6.
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5-1.3 Ion implanted GaAs
The trap parameters for ion implanted GaAs followed by thermal 
annealing, are listed in table 5*2 for proton (H^), selenium (Se^) and 
oxygen (o”^) implants. In each case these parameters are compared with 
those for the as-grown unimplanted samples.
The D.L.T.S. spectrum for protons implanted at 300keV, shown in 
figure 5.5, has a broad peak indicating the presence of several traps at 
energies which are in close proximity. The peak was characterised and gave 
an energy value of 0,66eV. This figure has very little physical meaning 
due to the interaction of the various traps, but was used to assign a label 
to the peak. It is perhaps more meaningful to refer to a range of energies 
encompassed by the D.L.T.S. spectrum; in this instance the range being 
about 0.5 to 0.85eV as was determined from figure 4*7. Increasing the 
sensitivity of the measurement showed the presence of other levels such as 
0.34eV. Carrier and trap concentration profiles after proton bombardment 
are shown in figure 5.6. The difference in the two carrier profiles gave 
the total trap profile which was found to be consistent with that for the 
0.66eV level obtained using both types of D.L.T.S. method. The trap profiles 
for these two methods are in close agreement as is shown in figure 5*6.
D.L.T.S. results for Se"*", implanted at 400keV into V.P.E. GaAs were 
variable. In most cases the only effect of the implantation and annealing 
process was to slightly reduce the concentration of the A-centre. In some 
cases a level of 0.35eV was introduced and this level is thought to be due 
to the same type of defect as the 0.34eV level, introduced by proton bombard­
ment, see table 5.2. The carrier concentration profiles, shown in figure 
5.7, were obtained from room temperature C-V and Copeland measurements.
The profiles show that the selenium has become electrically active, doping 
the GaAs n-type. The difference in the two profiles was used to obtain the
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Table 5.2 Preliminary résulta* Ion implanted GaAs
Material Treatment AE(eV) (cm2) Total N(0.-5)
V.P.S. with As-grown 0.80 3.2xlO"14 1.2xlo!4 1.2xlo!4
(US27) H+30OkeV
2xlO^‘^cm”^+T.A.
0,66
0.34
2,2x10”^^
1.7xlO"14
~3xlo!4
4,8x1o!2 ] ~3xlo!4
V.P.iî. withbuffer(US40)
As-grown 0.83 3.6x10"^^ 2.1xlo!4 2.1xlo!4
Üe*400keV 
3xl0^ c^in"^  
T.A.gOÜ°C 30a
0.35 6.1x10“^^
3.1xlO"lG
-lxlo!5 ~lxlo!5
V.P.ci. withbuffer(CG163.1m)
As-grown 0.83 - . -IxIq !^ -IxIq !^
b+lKeV
5xl0^^cm"^
0.89
V.45-0.50
- -8xlo!4
-9xlo!" ■ ~lilo!5
T.A.700°C ISmins 0.40 - -7x1q!' -
Bulk undoped 
JP/l
As-grown 0,86
0.54
0.36
3.8x10“ 2^
5.4x10"!'
3.9x10"!'"
7.7xlo!"
l.OxK'!^
3.4xlo!5
1.2xlo!6
0+lNeV 0.39
0.62
3.5x10"!2 ~ 6xlo!^  
-2xic!'
-
-6xlo!4
T.A.700°C 15ntins 0.40-C.50 - -2xlo!^ -
profile of the total trap concentration, and this was shown to increase ' 
(72)towards the L,S.S* range. This concentration was found to correspond to 
that of the 0.55eV level. The 0.46eV level, obtained from a negative D.L.T.S, 
peak, was introduced following annealing of one particular sample where the 
encapsulant showed visible signs of failure. The implication of this will 
be discussed in chapter 6.
D.L.T.S. spectra for IMeV implanted into V.P.E. GaAs (with buffer 
layer) are shown in figure 5.8. The total trap concentration after implant­
ation is comparable with the background carrier concentration. A level was 
characterised to be 0,89eV using a majority carrier pulse where the reverse 
bias voltage, V^, was equal to 4v. The measurement was repeated using Vj^=14v
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and two separate levels were then clearly identified, showing the original 
0,89eV value to be in error. The larger of the two peaks shown in figure 
5*8, is the A-centre (0.83eV) and the concentration of this has increased 
by roughly one order of magnitude. The slightly shallower level seen as a 
shoulder on this peak has been introduced by the implantation process. 
Carrier compensation resulted from the 0^ implantation as shown in figure 
5.9 where the measurement regions for V^=4v and 14v are indicated. Similar 
results were also obtained for O'*" implanted at IMeV into bulk GaAs, the 
concentration profiles of which are shown in figure 5*10. The peak, 
corresponding to 0.89eV was profiled using both types of D.L.T.S, method 
and these are shown to be in good agreement,
5.2 Results. Part II
5.2,1 As-grown V.P.E. and bulk GaAs
The parameters for the as-grown V.P.E. and bulk GaAs layers are listed 
in tables 5*3 and 5*4 respectively;, layers provided by the same supplier 
are grouped within the square brackets, as shown. Ideality factors of 
n=l.l were typical for the Schottky barriers formed using V.P.E, material 
and barrier heights were about 0,8eV, this value being consistent with good 
quality GaAs Schottky barriers -, In general the Schottky barriers formed 
using bulk material were not of as high a quality particularly for the 
highly doped layers. The log I-V characteristics for the Schottky barriers 
are shown in figure 5.11 for both V.P.S, and bulk GaAs.
Typical D.L.T.S. spectra for the as-grown V.P.E. are shown in figure 
5.12 for material either with or without a buffer layer. In the former, the 
characteristic A-centre (0.83eV) is present in all the layers with a 
concentration in the region 1 to 2xl0^^cm"^ (see table 5.3). The measured 
activation energies are in the range C.80 to 0,86eV, and this variation is 
within the accuracy of the experiment i.e. typically 0.83eV- 0,03eV. One of
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the samples (layer no, US4l) was examined in further detail where the 
sensitivity of the measurement was increased to show the presence of two 
other energy levels of lower concentration (see figure 5.12). The D.L.T.S. 
spectra for layers without a buffer were very different being of the form 
shown in figure 5.12. A number of traps are in evidence encompassing an 
approximate energy range of 0.65 to O.YeV, The effect of applying a current
Table 3.3 As-grown V.P.E, GaAs
Layer no,/Carrier cone. AS(eV) (cm^ ) (cl-b
Total N_
(C.-3)
kith buffer layer
~US40 2.5x10^^ 0,83 3.6x10"^^ 2.1x10^ ^ 2.1x10^ ^
US27 2.2x10^5 0.80 3.2xlO~14 1,2x10^ '’ 1.2x10^4
1-S41 2,3x10^5 0,83 3.9x10"^^ 1.8x10^^ -
0,59 - 1.0x10^2 1.9xicl4
_ 0.51 - 3.5x10^2 _
[:G155.3m 5.0x10^^ 0.86 1.4xlO"12 9.8x10^^ 9.8x10^3
[JH327 1.3x10^^ 0.83 - -IxlO^^ ~lxlC^^
without buffer laver
KllbH 5xlC^ ''" 0.65-1.7 '2x10^' -2x10^^
_C7C>3H Pxlu^G 0,65-0.7 - '5x10^^ -5x10^3
injection pulse instead of the normal majority carrier pulse is shown in the 
figure. A pulse of this type reduces the depletion width during the trap 
filling process and hence enables traps nearer the junction to be examined. 
The trap concentrations increase significantly towards the surface in this 
instance. A current injection pulse was also applied to the V.P.E, layers 
with a buffer but no increase in trap concentration was observed. A T.S.CAP 
plot for as-grown V.P.E. GaAs (with buffer) is shown in figure 5.13. A 
value of T^=290K for a heating rate of 14°C per min. was obtained from the 
plot of AC versus temperature, shown in the insert. An activation energy 
AE = 0.82eV was calculated from this measurement assuming a capture cross- 
section of cT= 10~^^cm^ and this is in good agreement with the D.L.T.S.
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measurement for the A-centre.
Typical D.L.T.S. spectra for as-grown bulk GaAs are shown in figure 
5.14 for the undoped and doped layers. In the former, the concentration of 
the A-centre is in the range 2 to 8xl0^^cm~^, (see table 5.4). The 0.57eV 
level for layer number xkl5S/2 is probably the same as the 0,36eV level for 
layer numbers xk451/1 and JP/l; the 0.25eV level was only apparent in layer 
number xkl5S/2. The D.L.T.S, spectrum for the doped layer (A111/r) is very 
different to those above where a number of traps are evident in the range
Table 5.4 As-grown bulk GaAs
Layer no./Carrier conc. 
(cm-3)
AE(eV) (cm ) Total N, (cra"'^)
Undoped bulk 
Ik158/2 8.5x10^5
xk45l/l 2.4x1016
■JP/I
Doped bulk
4x1016
[a 111/R  1 ,3x10 17
0.80
C.54
0.37
0.25
0.81
0.36
0.86
0.54
0,36
0.7-0.8
1.7x10-1?
8.0x10
2.7x10
2.6x10
1.0x10
3.8x10
5.4x10
3.9x10
- 1-1
-15
-13
-12
-12
-13
-12
2.2x10
9.3x10
9.9x10
4.9x10
3.2x10
3.3x10
7.7x10
1.0x10
3.4x10
15
13
14
15 
15 
15 
15 
15 
15
~ 4x1015
8.2x1015
5x1015
1.2x1016
~ 4 xlO15
0.7 to 0.8eV. The total trap concentration for all four layers is similar, 
being in the region 10^^ to lO^^cm The difference in the two carrier 
concentration profiles, shown in figure 5.15, gave a total trap concentration 
of about 7xl0^^cm ^ and this agrees with the D.L.T.S, measurement, (layer 
number xk45l/l). The A-centre (CUBleV) is uniformly distributed (figure 5.15) 
as was the case for the A-centre in the V.P.E. material (see figure 5.5).
The 0.56eV level however, decreases in concentration away from the surface.
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5*2.2 8i_N^ encapsulation and thermal annealing
Typical I-V characteristics for Schottky barrier diodes formed using 
thermally annealed V.P.E. GaAs are compared with those obtained using the 
untreated material, (figure 5.16). The log I versus V plots corresponding 
to these photographs are shown in figure 5.11* At low current levels the 
diode characteristics for the 800°C anneals are similar to those for the 
as-grown material while those for the 900^0 anneals are far from ideal.
The Si_H^, in these cases, was deposited at 630^0 for 30s prior to annealing. 
In general, the I-V characteristics were very variable and this is attributed 
to variations in the quality of the encapsulant. In some cases the zero bias 
capacitance of the junctions was much lower than expected, of the order 20pF, 
and in these instances the 8i^^^ layers often showed visible signs of 
failure. These results suggest that there is a substantial loss of carriers 
to depths of possibly several microns. Similar results were obtained by 
annealing samples without using any encapsulant. In other cases the I-V 
characteristics were almost ohmic. The oxygen content of the Si^N^ layers 
used for these samples was found to be high, the oxygen to nitrogen ratio 
being of the order 10^, as determined using Rutherford backscattering (R.B.S.) 
measurements on layers deposited on vitreous carbon. Variable results for
different Si^N^ layers were also obtained for bulk GaAs after thermal
annealing.
Concentration profiles for V.P.E. (with buffer) GaAs annealed at 800^0 
are shown in figure 5.17. A loss of free carriers is observed after 
annealing and the A-centre (0.83eV) decreases towards the surface. The loss 
of carriers cannot be accounted for by the measured trap concentration. The 
trap parameters before and after annealing are listed in table 5.5,
D.L.T.S. spectra for bulk (undoped) GaAs annealed at 800^0 are shown
in figure 5*18. The 0.56eV level is annealed out, or at least reduced to 
below the sensitivity of the measurement, and the concentration of the
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A-centre (0.88eV) is reduced. The trap parameters are listed in table 5.5* 
The carrier and trap concentrations decrease towards the surface as shown 
in figure 5.19.
The height of the D.L.T.S, peak corresponding to the A-centre is 
unchanged by the application of a current injection pulse, (figure 5.18). 
However, the heights of the negative D.L.T.S. peaks are significantly 
increased as shown. The significance of this will be discussed in chapter 5, 
It was initially thought that the negative peaks might be due to an artifact 
of the transient capacitance measurement. T.S.CAP measurements were carried 
out for comparison, on a sample which exhibited a single negative D.L.T.S. 
peak. The T.S.CAP plot shown in the insert to figure 5.20 shows that the 
capacitance decreases as the tr§ps empty. This response is attributed to 
the emptying of hole (minority carrier) traps and this suggests that the 
negative peaks are genuinely associated with the trapping of minority 
carriers.
Table 5.5 encapsulation and thermal annealing (T.A.)
of aa-grown GaAs
Material Treatment AE(eV) O', (cm ) (cI-3)
Total K
(cm-3)
V.P.E. withbuffer(US41)
As-grown 0.83 3.9x10"^^ 1.8x10^^ 1.8x10^4
Si^N^630°C 
30s +
T.A.300°C 5mins
0.83
0,62 -
6.2x10^^ 6.2x10^'
Bulk undoped 
(xk45l/l)
As-grown 0.81
0.36
2.6x10“^^
l.OxlO'lZ
3.2x10^5
3.3x10^^ ] 6.5x10^^
Si^N^630°C 
30s +
T.A.800°C 5mins
0.68
0.62
Ot^ 2.9x10"^^
- 1x10^ 5 -1x10 5^
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5*2o5 Pulsed laser annealing
I-V characteristics for Schottky harrier diodes formed using laser 
annealed V.P.E. GaAs are shown in figure 5*21 for laser energy densities 
in the range 0.2 to 1.2 J.cm The I-V characteristic following an anneal
at 0.2 J.cm ^ is virtually ohmic while at energy densities of 0.5 J.cm”^ and 
upwards Schottky barrier diodes are formed, exhibiting increasing barrier 
height and decreasing reverse saturation current with increasing laser 
energy, (Note the change in volts per division for figure 5*2l(a) compared 
with 5*2l(b)-(f)). In all cases the diode characteristics are far from being 
ideal as shown in figure 5*11* The above characteristics were obtained after 
etching the sample surfaces in boiling HCl following the laser anneals. The 
I-V characteristics for Schottky barriers formed prior to this surface treat­
ment, were ohmic irrespective of the laser energy density.
The high reverse saturation currents in the Schottky barrier diodes 
were initially thought to be associated with surface leakage at the edges of 
the contact due to the non-planar nature of the surfaces after annealing.
A 5:1:1 etchant of the type described in chapter 4 section 4.1.5 was used to 
remove about one micron of the surface, using the aluminium contact as a 
mask to produce mesa structures. No change in the reverse saturation currents 
was observed following this treatment which suggests that these currents are 
not due to contact edge effects but are due to leakage across the junction 
beneath the contact. To determine the nature of the current in these diodes 
the variation of current with, temperature under forward bias was measured. 
Plots of log I versus 1/T, shown in figure 5*22 for Schottky barrier diodes 
formed using laser annealed and as-grown V.P.E. GaAs, are compared. In the 
latter case, two activation energies were determined from the slopes, one 
giving the barrier height 0^ corresponding to thermionic emission current 
and the other yielding the band gap E^ corresponding to recombination current. 
The log I versus 1/t plot for the Schottky barriers formed using the laser
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annealed GaAs shows that the current is relatively insensitive to changes 
in temperature. This suggests that the current is governed to a large 
extent by metallic conduction through the barrier rather than thermionic 
emission over the barrier. Similar I-V characteristics were obtained from 
laser annealed bulk GaAs and similar trends, such as increasing barrier 
height with increasing laser energy, were observed.
The diode zero bias capacitance 0^ versus laser energy density for 
V.P.E, GaAs is shown in figure for energy densities in the range 0.5 to
1.2 J.cm The average of four or five measurements on samples annealed at 
each energy density is indicated by each cross, and the error bars show the 
spread of points in each case. The zero bias capacitance before laser 
annealing was 120pP corresponding to the background carrier concentration of 
2.5zlO~^om"^. (layer number U34l). decreases with increasing energy 
density indicating a loss of carriers to depths up to several microns at. 
the higher energy densities.
D.L.T.S. spectra for V.P.E, (with buffer) GaAs are shown in figure 
5.24 for before and after a laser anneal at an energy density of 0.5 J.cm 
Using the normal majority carrier pulse it is shown that after annealing 
there is a substantial reduction in the trap concentration, the only level 
present being one at 0.79eV (see table 5.6). The concentration of this 
level is about IxlO^^cm ^ and therefore a reduction in the total trap 
concentration of over one order of magnitude has occurred. There is no 
evidence of the A-centre after annealing, the measurement sensitivity in 
this instance enabling detection of trap concentrations to less than lO^^cm 
A current injection pulse was used to reduce the depletion region to within 
approximately lOOoS of the surface, this depth being estimated by extrapo­
lating the reverse bias C-V plot in the forward voltage direction. A high 
concentration of traps over an energy range of about 0.2 to 0.5eV is 
observed and this concentration in the surface region was calculated to be
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Table S.6 Laser annealing (L.A.) of as-grown GaAs (Using a majority carrier pulse)
Material Treatment AS(eV) cr „ (cm ) Total N(cm-3)
V.P.E. withbuffer(U341)
Aa-grown 0.83 3.9ilO"13 1.8x10^^ 1.8x10^ ^
L.A. 0.3 J.cm“^ 0.79 - 4.5x10^2 4.5x10^^
L.A, 0.4 J.cm ^ 0,79 - 1.3x10^^ 1.3x10^3
L.A. 0.5 J.cm"^ 0.79 7.2x10"^^ 1.5x10^^ 1.5x10^^
L.A. 0.7 J.cm”^ 0.79 - 1.2x10^^ 1.2x10^3
L.A. 0,9 0.79 - 1,8x10^^ 1.8x10^^
L.A. 1*2 J.cm 0.79 - 2.6x10^5 2.6x10^5
' L.A. 0.5 J.cm~^, oxygen atooa. 0.79 - - 1x10^ ^ -1x10^4
Bulk undoped 
(xk45l/l)
As-grown 0.81
0.36
2.6xlO"13
l.OxlO'^2
3.2x10^5
3.3x10^^ ] 6.5x10^5
L.A. 0,3 J.cm”^ 0.88
0,36
l.lxlO^^
1.1x10^5 ] 2.2x10^5
L.A. 0.5 J.cm ^ 0.88
0.36
3.8x10“^^
9.4x10“^^
BxlO^*
9x10^ 4 ] 1.7x10^5
L.A. 0.7 J.cm”^ 0.88
0.36
- 6x10^ ^
5xlol4 ] 1.1x10^5
15 -3at least equal to the background carrier concentration of about 10 cm '. 
Similar results were obtained for energy densities in the range 0.3 to
1.2 J.cm Ko difference in the D.L.T.S. spectra was observed when a 
current injection pulse was applied to the as-grown V.P.S. GaAs. After laser 
annealing there is some increase in the trap concentration in the depth region
defined by the majority carrier pulse when the energy density is increased
-2 -2from 0.3 to 0.4 J.cm but at energy densities in the range 0.4 to 1,2 J.cm
there is no significant change in trap concentration (see table 5.6). The 
depth regions of measurement appropriate to the majority carrier and current 
injection pulses will be discussed in chapter 6, section 6.2.3*
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The uncertainty in the estimate of depth using the current injection
pulse precluded any detailed study of the trap profiles in the forward bias
depletion region. However for depths greater than the zero-bias depletion
width the usual profiling methods were employed. Concentration profiles for
laser annealed V.P.E. GaAs are shown in figure 5.25 for energy densities in
—2the range 0.4 to 1.2 J.cm . The free carrier concentration is shown to 
decrease towards the surface, the rate of decrease being greater at the 
higher energy densities. The peak trap concentrations do not vary signifi­
cantly. for the 0.79eV level over this range and these concentrations in the 
depth region shown do not account for the reduction in the free carrier 
concentration after annealing.
After laser annealing in an oxygen atmosphere the D.L.T.S. spectra 
show a significant increase in the concentration of the 0.79eV level (figure 
5.26). The profile for this trap shown in figure 5.27, rises dramatically 
towards the surface. The free carrier concentration, obtained from a high 
temperature (low frequency) C-V measurement, increases above the background 
carrier concentration , this being given by the low temperature (traps full) 
C-V measurement. The difference between these two capacitance measurements 
gave a trap profile which corresponds to the profile for the 0.79eV level. 
These results show that this trap is a deep donor type level, (see chapter 
3. section 3*5). The use of a current injection pulse indicates the presence 
of very high concentrations of traps near the surface encompassing an energy 
range of about 0.3 to 0.9eV (figure 5.26).
D.L.T.S. spectra for laser annealed (in air) undoped bulk GaAs were 
similar to those for the as-grown material but the trap concentrations 
decreased with increasing laser energy. The trap parameters are listed in 
table 5*6.for energy densities of 0.3» 0.5 and 0.7 J.cm ^ . The concentration 
profiles of figure 5.28 show a reduction of the free carrier concentration 
occurring towards the surface,this decrease being more pronounced with
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increasing energy densities. As was the case for V.P.E. GaAs, there is no 
correlation between the loss of carriers and the measured trap concentrations. 
A current injection pulse produced no change in the D.L.T.S. spectra and this 
indicates that there is no significant increase in the trap concentration near 
the surface. This result is in complete contrast to those obtained by laser 
annealing V.P.E. GaAs.
Laser beam homogeneity
In the above experiments no beam homogeniser was used for the laser
anneals and so an attempt was made to examine the laser beam spatial
uniformity. This was done by measuring the zero bias depletion capacitance
for a matrix of Schottky barrier diodes. A 12mm x 10mm sample was irradiated
_2with a single laser pulse of energy density 0.7 J.cm” • A matrix of 0.7mm 
diameter aluminium contacts were evaporated onto the annealed surface and 
plots of the zero bias capacitance 0^ were obtained in two dimensions (figure 
5 .29). is approximately uniform over a normal sample area of 4mm x 3mm 
for an 8mm beam diameter as shown in the figure. The measurement of for 
three different energies with the beam centred on 4mm x 3mm samples enabled 
the capacitance scale to be calibrated in terms of energy density.
Similar measurements with a matrix of diodes on 4mm x 3mm samples 
showed a variation in laser energy density of about - These results
are in good agreement with those obtained from burn paper intensity measure­
ments. The results show that reproducible C-V measurements can be obtained 
across a 4mm x 3mm sample area when using a laser beam diameter of 8mm.
This is consistent with the results obtained from the D.L.T.S. measurements 
all of which have been highly reproducible .
5.2.4 Ion implantation
5.2,4,1 Low dose selenium
In general the I-V characteristics for the Schottky barrier diodes
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formed using Se^ implanted V.P.E. GaAs followed by thermal annealing at 
900°C were far from ideal, having low barrier heights and high reverse 
saturation currents. It was not possible to do C-V measurements on many of 
the junctions due to the low breakdown voltages. The characteristics varied 
for different Si^N^ encapsulation layers and so the poor results are 
attributed to poor quality encapsulation during annealing at 900^0. In 
contrast, the I-V characteristics using Se"*" implanted V.P.E. GaAs after 
laser annealing were reproducible and showed significantly larger barrier 
heights and breakdown voltages.
The D.L.T.S. spectra for Se"*" implanted V.P.E. GaAs after thermal 
annealing at 900^C and laser annealing at 0.5 J.cm ^ are compared in figure 
5.30. After thermal annealing with a good quality encapsulant, the quality 
being inferred from the C-V and I-V measurements, there is a decrease in the 
concentration of the A-centre but no introduction of traps in significant 
concentrations (see table 5.7). The carrier profiles in this case were 
similar to that of figure 5.7, showing that the selenium has become 
electrically active, doping the GaAs n-type. After laser annealing, a 
concentration of traps of the order 2xl0^^cm ^ is observed and the concent­
ration increases towards the surface, as shown using a current injection 
pulse (figure 5.30). The energy range of the traps is about 0.2 to 0.7eV.
The trap concentration increases and the free carrier concentration decreases 
towards the surface, shown in figure 5.31. The decrease in the carrier 
concentration shows that the selenium has failed to become electrically 
active after laser annealing. The loss of free carriers in this depth 
region cannot be accounted for by the measured trap concentrations as was 
also the case for the laser annealed unimplanted GaAs.
5.2.4.2 Low dose oxygen
D.L.T.S. spectra for implanted into V.P.E. (without a buffer) GaAs 
are shown in figure 5*32. A deep level at O.BOeV is introduced by the
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combined implantation and thermal anneal process. The trap concentration 
increases towards the surface as shown by the use of a current injection 
pulse. Other traps are also in evidence in the energy range 0.3 to 0.7eV, 
This O.SOeV level has a capture cross-section which is in close agreement 
with that of the 0.79eV level introduced by laser annealing (see tables 5*7 
and 5.6 respectively),and therefore it is likely that these levels are due
Table 5.7 Selenium and oxygen implanted GaAa
Material Treatment AG(eV) (cm ) (cI-3)
Total K
(cm-5)
V.P.E. withbuffer(CG166.2)
Aa-grown 0.83 - ~lxlO^^ -1x10^ '^
Se*300keV 
3xl0^^cm"’^ 
T.A.900°C 30s
G.83
-
-2x10^' -2x10^^
V.P.E.withoutbuffer(C703H)
As-grown 0.65-0.7 - - 5x10^^ - 5x10^5
O"^ 400keV 
IxlO^^cm"^ 
T.A.730°C 15mins
0.80 4.5x10“^^ -3x10^^ -3x10^^
V.P.E. withbuffer(UiJ54)
As-grown 0.83 - -lxU^4 1x10^^
o’*" 150keV 
5il0^^cm"^ 
T.A.750°C 15mins
0.62
0.45-0.55
0.4
2.7x10“^^ 5.4x10^4
-1x10^4
-7x10^^
-7x10^^
Bulk undoped 
(xk45l/l)
As-grown 0.81
0.36
2.6x10"^^
1.0x10"^^
3.2x10^5
3.3x10^5 ] 6.5x10^5
O"^ 400keV 
IxlO^^cm"^ 
T.A.750°C 15mins
C.86 7.8x10"^ '
1,2x10“^^
- 1x10^5 -1x10^5
to the same defect or impurity. These levels are also thought to be the same 
as the level which appears as a shoulder to the A-centre in figure 5.8.
The peak trap concentration after 0^ implantation occurs near the L.S.S. 
range as shown in figure 5*33» The spatial distribution of the trap 
concentration correlates with the compensation of the free carriers, however 
the concentration of traps does not account for this compensation.
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The D.L.T.S, spectra for 0*^  implanted into V.P.E, (with a buffer) 
and undoped bulk GaAs are compared in figure 5.34. Both spectra show high 
concentrations of the A-centre after implantation and thermal annealing.
In the V.P.E, material the concentration of this centre has increased while 
in the bulk material the concentration is not significantly changed. There 
is no evidence of the 0.56eV level in the bulk GaAs after the implantation 
and anneal process. The trap parameters are listed in table 5*7 for before 
and after these processes. Concentration profiles for the V.P.E. and bulk 
GaAs are shown in figures 5.35 and 5.36 respectively. In both cases there 
is a reduction of free carriers in the region of the L.S.S. range and a 
decrease in the concentration of the A-centre towards the surface. Again 
the trap concentrations in this depth region can only account in part for 
the compensation of the free carriers.
5*2.4.3 High dose zinc. p~^ -n diodes
Typical I-V characteristics for the p^-n diodes formed by .zinc (Zn ) 
implantation at 60keV and doses of 10 cm are shown in figure 5.37. A 
mesa etch was used to define the junction area and its effect on the 
characteristics is shown in figure 5.37(a) and (b). The ideality factors 
for the diodes formed by annealing at 700^0 were typically n-1.1 and those 
for anneals at 800°C were between n=2 and 3. Diffusion potentials were 
about l,3v and these are in good agreement with theoretically predicted 
values based on the doping concentration and background carrier concentrations. 
After thermal annealing at 900°C the junctions formed, were highly non-ideal, 
having low breakdown voltages and high reverse saturation currents. These 
poor results may have been due to failure of the Si^K^ encapsulants during 
annealing at 900^0. After either a thermal anneal at 800^0 followed by a 
laser anneal or a laser anneal by itself,the diode characteristics were 
always the same but were non-ideal as shown in figure 5.37(d).
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Plots of the log C versus log (V +V ) are shown in figure 5.58 for0 K
diodes formed using n-type GaAs with background carrier concentrations of 
K = 5xl0^^cm”^, 2xl0^^cm”^ and 2xl0^^cm”^. The thermally annealed diodes 
(700°C and 800°C) give slopes of 0.48 for background concentrations of 
5xl0^^cm ^ and PxlO^^cm”^ and 0.42 for N = 2xl0^^cm~^. For an ideal abrupt 
junction the slope should be equal to a half. (0.5) (see equation 5*9))• 
After laser annealing at an energy density of 0.5 J.cm ^ the slopes are 
about 0.55 (a third) and this value is indicative of a linearly graded
junction. (70)
Table 5.8 Zinc implanted p -n diodea(Using a current injection pulse)
Material Treatment AE(eV) (cm ) (cm"3)
Total 
(minority carrier] 
(cm“ )^
V.P.E. with
buffer
(JJ4313D)
Zn*6UkeV 
IxlO^^cm"^ 
T.A,8Û0°C 5mins
-0,9
4.5ilO"15
1.7x10^^
8.9x10^^ 8.9x10^^
2n*6ükeV
IxlO^^cm"^
T.A.800^0 5n>ins 
+L.A. 0.5Jcm ^
0.4-0.5 
iülâ l.lxlO"15
5x10^^
1.2ilC^^ 1.2x10^5
D.L.T.S. spectra are shown in figure 5.59 for thermally annealed p -n
_2diodes before and after laser annealing at 0.5 J.cm . The insert to the 
figure shows the effect of a current injection pulse for various currents,
and saturation occurs at a current of about 5iûA. The minority carrier£
trap concentrations listed in table 5.8 were calculated from the height of 
the D.L.T.S. peak corresponding to the saturation injection current. The 
trap parameters obtained from the D.L.T.S, measurement were used to estimate 
the minority carrier lifetime using equation 2.24) (see table 5.9). The 
lifetime was also measured directly using the current injection-extraction
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Table 5.9 Comparison of lifetime and D.L.T.S. measurementsusing zinc implanted p -n diodes (JJ451?D)
Treatment D•L.T.S. measurements (see table 5.8) Life time measurements
AB O'P "p
T.A.800°C 5mina 0.56 4.5ilO"15 8.9x10^^ 145ns 100ns
T.A,800°C 5mins 
+L.A. Ü.ÇJcm”^
0.76 1.1x10"^^ 1.2x10^^ 45na 8ne
technique. There is not exact agreement, but there is some correlation 
between the two measurements as shown in table 5.9,
5-5 Summary of results
1) The A-centre (0,85eV) was present in all the V.P.E. (with buffer) 
layers examined, the concentration being in the region of 1 to 2xl0^^cm"^, 
and was also present in the undoped bulk GaAs with concentrations in the 
region 10^^ to lO^^cm”^. The A-centre in both the V.P.E, and bulk GaAs was 
spatially uniform but the 0.56eV level in the bulk material increased in 
concentration towards the surface.
2) Variable results were obtained after thermal annealing, but for a good 
quality encapsulant only relatively small changes in trap concentration 
occurred; in general there was a reduction in the concentration of the 
A-centre. There was also a reduction in both the free carrier concentration 
and the concentration of the A-centre towards the surface. The measured trap 
concentrations do not account for the loss of carriers.
3) Pulsed laser annealing of V.P.E. GaAs introduced high concentrations 
of traps, at least equal to the background carrier concentration (~10^^cm ^), 
at a depth within about IOO08 of the surface. In contrast, low concentrations 
of traps were observed in a depth region of about 1 to 3}Am, the only level 
present being one at 0,79eV. The A-centre was undetected in either depth
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region. A loss of carriers towards the surface occurred after laser 
annealing and could not be accounted for by the measured trap concentrations 
in the 1 to ^ m  region.
4 ) For a good quality encapsulant, low dose Se"** implants followed by 
thermal annealing produced no significant change in the trap concentrations. 
In contrast pulsed laser annealing gave rise to high concentrations of traps 
in the region of the implant. No electrical activity resulted following 
the laser annealing process.
A level at 0.79eV was introduced by 0^ implantation and there was 
correlation between its spatial position and the region of carrier compen­
sation. This level is probably the same as the one introduced by laser 
annealing of unimplanted GaAs, identified as a deep donor, but it does not 
account for the carrier compensation. Significant increases in the 
concentration of the A-centre in the V.P.E. GaAs occurred at implant doses 
of 5xlO^"cm"^.
Zn"*" implants were used to fabricate p^-n diodes which allowed 
minority carrier as well as majority carrier traps to be observed in the 
n-type region.
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CHAPTER 6 
DISCUSSION
Section 6*1 reviews the electron traps found in GaAs as reported by 
different research groups and highlights the levels most commonly observed.
The results of the previous chapter are discussed in section 6.2 in the light
of this review, and section 6.3 concludes by summarising the main trap
parameters listed in the tables of chapter 5 and comparing them with those 
of others.
The measured trap parameters, namely the activation energy, AE, and 
capture cross-section, cr , have been determined from the slope and intercept 
of the plots of In 2TT^ versus 1/T. (Arrhenius plot). As has already been 
pointed out in previous chapters, the activation energy has a temperature 
dependence (see chapter 2, section 2.3) and in some cases the capture cross- 
section may have a strong temperature dependence (see chapter 3» section 3.5)• 
No allowance has been made for these and therefore the parameters should not 
be taken to have a direct physical meaning but instead should be regarded as 
signatures for a particular trap. As suggested by Martin et. al.^^^^, the 
best way to compare results obtained in different research laboratories is to
either show the complete Arrhenius plot or to clearly specify that the
parameters given are those obtained directly from a plot of this type. This 
is the principle adopted in this chapter where all the trap parameters quoted 
are signatures derived from the Arrhenius plot. The lack of direct physical 
meaning associated with these signatures is of no real consequence as the 
aim here is to compare effects before and after processing and not to draw 
conclusions from the absolute values.
6.1 Electron traps in GaAs (Review)
The electron traps in GaAs, measured in different research laboratories,
( 12 )are catalogued by Mircea et. al." in terms of their Arrhenius plots as
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shown in figure 6 d .  Having taken into account the small signature variations 
for different samples in different laboratories, as reported by Martin et, 
g^l^(lO)^ one is still left with more than twenty different electron traps 
as shown in the figure. Many of the traps included in the above have only a 
sporadic or accidental appearance, however some appear systematically and are 
attributed to a specific method of crystal growth or to a specific material 
process, such as heat treatment or ion implantation. The commonly observed 
electron traps, with their normal labelling, are listed in table 6.1.
Table 6.1 Common electron traps in n-type GaAs
Label Reference Activation energy 
AE (eV)
Capture cross- 
aection cr (cm^ )
Comments Otherreferences
EL2 (10) 0.83 1:10-13 A-centre. As-grown bulk 4 V.P.E.
(w),(74-78)
ËL6 (10) 0.35 1.5x10-13 As-grown bulk. Mechanical damage. (76),(79)
EL5 (10) 0.58 1.0x1Q-13 Aa-grown bulk 4 V.P.E. (74)
EFl (80) 0,72 7.7:10-13 Cr doped bulk 4 S.I. (61)
KB5(M4j (82) 0.48 2.6:10-13 M.B.Ë. 4 0 substrates. (10),(83)
B3 (84) 0,35 6.2:10-13 Ion or electron beam damage. (14),(85)
EL12 (10) 0.78 4.9x10-12 0^ implantation. (85)
Growth conditions
The influence of growth conditions has been investigated for some of 
these traps. In bulk crystals grown from the melt two electron traps, EL2 
and BL6, are characteristic and occur in large concentrations up to several 
10^^ cm in the latter case the concentration of EL6 is increased by 
mechanical damage i.e. it has a high concentration near the surface of wafers
(12)which have been polished but not etched’ ' , The EL2 trap, referred to as 
the A-centre, has been seen by many research workers and a lot of work has
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been devoted to its identification. This level was originally thought to 
be related to oxygen doping being conjectured that it is created by oxygen 
impurity atoms on arsenic sites. It has been shown that when material is 
grown from the melt in an oxygen rich atmosphere a high concentration of the 
A-centre results . However, some doubts were expressed'’ 
concerning this identification and more recently Huber et. al,^®^^ have 
concluded that oxygen is not involved either directly or as part of a complex 
defect. This conclusion was reached by comparing the atomic oxygen concentr­
ation with the deep level concentration. The common occurrence of this trap
(53)in GaAs grown under a variety of conditions in different laboratories' '
(74 78) leads one to suspect that a native defect rather than an impurity is 
responsible for its existence.
The most commonly encountered level in V.P.E, GaAs is the same electron 
trap, BL2. However its concentration in V.P.E. GaAs is usually much lower, 
of the order 10^^ cm The effects of the growth conditions on the 
incorporation of deep levels in vapour grown GaAs have been studied by 
Ozeki et. al.^^^^. They conclude that the A-centre is not due to a simple 
substitutional chemical impurity but to native defects or to complexes 
involving native defects.
The EL5 trap has been observed in both V.P.E. and bulk GaAs^^^^^^^^
and EFl (not shown in figure 6 .I) in chromium doped bulk^^^^ and semi- 
( 81 ^insulating ' GaAs. The most dominant electron trap in molecular beam 
epitaxial (M.B.E.) GaAs is This level has also been observed in
oxygen doped substrates and hence has been attributed to the oxygen 
impurity^^^). A characteristic feature of liquid phase epitaxial (L.P.E)
(12)GaAs is the total absence of electron traps ■. Nevertheless Okumura et.
al.^^^^ have claimed the detection of the A-centre (eL2) in a concentration 
13 -3as high as 4x10 cm in oxygen doped L.P.E. layers.
All the above growth methods favour arsenic-rich growth conditions
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and therefore the presence of the A-centre could he related to basic defect 
complexes such as gallium vacancies, or arsenic interstitials© Miller et.
(92)al. • have shown that the concentration of this trap increases with 
deviations in stoichiometry towards the arsenic-rich side.
Heat treatment
The effect of heat treatment on some of these characteristic traps 
has been investigated; the A-centre being of primary interest. In one 
p u b l i c a t i o n ^ t h e  out-diffusion of the A-centre, during annealing, is 
reported and the diffusion coefficients for this level at various temperatures 
tend to support its identification as oxygen on arsenic sites. The results 
do not on the otherhand support the theory of gallium vacancies (V^^) 
although it is suggested that it might be possible to relate the A-centre to 
these by assuming that it is due to complexes such as 0^^ -
Hasegawa et. al.'"^ have studied the annealing behaviour of V.P.E.
GaAs and found that the A-centre is greatly reduced in concentration following
n
(94)
an anneal at 5G0*^ C for 30 mins. They conclude that due to the increase i
the relative proportion of As to Ga vacancies with increasing temperature 
then the reduction in the density of the A-centre is related to Ga vacancies. 
These results are at variance with annealing studies carried out by Chiang 
and Pearson^^^) who have shown that no significant changes in the concentr­
ation of Ga and As vacancies occur in the bulk of the crystal for short 
heating times below 700°C. Subramanian et. al.^^^^ point out that if the 
A-centre is associated with Ga vacancies then the results of Chiang and Pearson 
predict that no changes in the trap concentration will occur for heat treat­
ment below 700°C unless impurity in-diffusion or local re-structuring alters 
the nature of the defect. Subramanian et. al. have shown that the trap 
concentrations are very sensitive to the annealing environment and that 
under ultra high purity conditions there is little or no change in the 
concentration of the A-centre for heating times of typically 3Ü mins at 600°C.
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They conclude that the observed reduction in trap concentration at these 
low temperatures is caused by the in-diffusion of impurities such as copper 
and lithium when quartz ampoules are used»
Ion Implantation
The introduction of traps by ion implantation has been studied and in 
most cases the work has been concerned with the effects of electron and 
proton irradiation. The most commonly observed level is E3 reported by 
Lang(^^^, and by Pons et. al,^^^^ following electron irradiation, and Yuba 
et. al.^^^^ following proton irradiation. The E3 level has also been observed 
by Yuba et. after oxygen implantation. This level has been identified
(12)with the isolated Ga vacancy and is attributed to the displacement of Ga 
following ion bombardment©
The EL12 trap is introduced by 0*^  implantation as reported by Yuba et. 
al.^'^^'\ This level is similar to one observed by Lang^ '^ '^^  following IMeV 
electron irradiation but it has also been observed in unirradiated GaAs^^^^. 
This trap was not observed after proton irradiation^^^^ and hence Yuba 
attributes it specifically to the 0^ implantation process.
6.2 Discussion of results
6.2.1 Trans in as-grown V.P.E. and bulk GaAs
The small variation in the concentration of the A-centre (l to 
2xl0^^cm”^) measured for different V.P.E. layers (grown with a buffer) is in 
agreement with the findings of others as discussed in the previous section. 
This strongly suggests that native defects, rather than impurities introduced 
during crystal growth, are responsible for the A-centre. The fact that this 
level was not in evidence in the V.P.E. layers grown on tellurium doped 
substrates, may be directly related to the non-existence of a buffer layer.
For instance, tellurium out-diffusing during growth may interact with the 
defects producing an inactive centre. The A-centre was present in the bulk
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GaAs with a concentration in the range 10^^ to 10^^ cm”^ and this is also 
in agreement with the results discussed in section 6.1.
The spatial uniformity of the A-centre in both the V.P.E. and bulk 
GaAs is further evidence to suggest that it is attributed to native defects 
incorporated uniformly in the crystal during growth. The 0©36eV level (EL6) 
was only detected in the bulk GaAs where its concentration was found to
(12)increase towards the surface. This is consistent with the suggestion 
that the 0.36eV level is associated with mechanical damage resulting from 
cutting and polishing of the crystal.
6.2.2 Effects of encapsulation and thermal annealing
In the preliminary experiments, the results of which are presented in 
chapter 5 section 5.1» Si^N^ layers were grown at 580°C for 5 mins. Good I-V 
and C-V characteristics were obtained from measurements after annealing, and 
it is assumed from this that the encapsulants were of good quality being 
effective in preventing dissociation of the Ga and As. After annealing V.P.E. 
GaAs at 900°C only small decreases in the concentration of the A-centre were 
observed with comparatively small changes in the carrier concentration. An 
energy level at 0.49eV was introduced by the 900^0 anneals and is thought to 
be due to the same defect or impurity as the EB5 level (see table 6 .I) found 
in oxygen doped substrates^^^^. This level might be attributed to oxygen 
which has in-diffused during annealing.
In the later experiments, Si^N^ was deposited in a different apparatus 
at 630°C for 30s. Results in these cases were very variable for different 
Si„N^ layers after annealing at 900^0, and this is attributed to variations 
in the quality of the encapsulants. The detection of high concentrations of 
oxygen in some cases and the visible signs of failure in others, suggest that 
many of the layers were of poor quality. The variations as detected using 
I-V and C-V measurements can be explained by considering two possible types 
of encapsulation failure;-
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1) One possible mechanism might be associated with loss of As via pin 
holes in the encapsulant; such Si^N^ layers show visible signs of failure© 
Incongruent evaporation of Ga and As from GaAs results from annealing at 
temperatures in excess of 640*^0 where due to the higher vapour pressure the 
evaporation rate for As is greater than for Ga^^^^. At 900°C the diffusivity
(97)of As in GaAs is high compared with Ga and visa versa for As and Ga 
v a c a n c i e s T h e  diffusion lengths at these temperatures can be as much 
as a micron or more and hence loss of As by out-diffusion, or by in-diffusion
of As vacancies, might result in excess Ga to depths of several microns.
2) Another possible mechanism for encapsulation failure might be associ­
ated with loss of Ga to the Si^N^ if the latter has a high content of oxygen.
It has been shown by Vaidyanathan et. al.^^^^ and Inada et. al.^^^^ that the 
presence of oxygen in Si^N^ allows out-diffusion of Ga to occur during 
annealing.
If both mechanisms are simultaneously responsible for encapsulation 
failure then two regions may exist after thermal annealing, a shallow surface 
region of excess As and a deeper region of excess Ga. The relative amounts 
of excess Ga and As would depend on the nature and quality of the Si^N^ 
layer.
The I-V characteristics, after annealing with encapsulants having a 
high oxygen content, indicated low barrier heights and in some cases were 
virtually ohmic. These characteristics can be explained by assuming that 
the excess As at the surface behaves as a highly doped n^ region, i.e. the 
excess As acts as a donor. The effect of the n*^  layer would be to give rise 
to tunnelling through the junction barrier under forward and reverse bias.
The idea of a surface region of excess As is further supported by Bell et.
( 21 )al. who showed, using R.B.S. measurements that the surfaces of their 
GaAs samples tended to be slightly As rich after annealing with a Si^N^ 
encapsulant. The C-V characteristics, after annealing with encapsulants
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which showed visible signs of failure, suggested that a substantial loss 
of carriers occurred to depths of several microns and hence this might 
relate to a region of excess Ga, if it is assumed that the excess Ga behaves 
as an acceptor. Similar C-V results were obtained when GaAs was annealed 
without any encapsulant where in this case As is known to be lost by 
evaporation^^^^. The possible carrier distribution after thermal annealing 
with a poor quality encapsulant is shown in figure 6.2.
It is believed that vacancies in GaAs form electrically active centres 
but there are no consistent assignments as to whether excess As and excess 
Ga act as donors and acceptors or visa versa^^^^. It may be that either 
case is possible depending on whether the non-stoichiometry is due to 
vacancies, interstitials or antistructure defects. The explanation of the 
results given above assumes that the excess As behaves as a donor and the 
excess Ga as an acceptor.
The observed reduction in the concentration of the A-centre towards 
the surface after annealing is consistent with the above model if this 
centre can be attributed to Ga vacancies, as was suggested in section 6.1.
The region of excess Ga corresponds to the region in which the A-centre was 
shown to decrease, (see figure 6.2). The reduction in the free carrier 
concentration in this depth region may relate directly to the non-stoichio- 
metry, although the loss of carriers might instead be due to long range 
movement (of the order of microns) of dopant impurities and defects. The 
measured trap concentrations do not account for the loss of carriers and 
therefore this loss must be due either to traps outside the range of the 
D.L.T.S, measurement or to a decrease in the net shallow level concentration
(«D -
6.2.3 Effects of pulsed laser annealing
The depth regions of measurement after laser annealing GaAs at 0.5 J.cm 
are shown in figure 6.3. There is a lot of experimental evidence to show that
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(p)the surface of the GaAs melts '; melting can occur at energy densities as 
low as 0,5 J.cm" when using a non-homogenised beam from a Q-switched ruby 
laser^^^). Furthermore Badawi et. al.^^^^^ have shown that a substantial 
amount of G-a and As is lost by vaporisation during the period in which the 
surface is in the molten state and the surface region becomes highly non- 
stoichiometric. Due to the loss of material, Schottky barrier contacts are 
not formed to the original surface but to a new surface at about 
beneath the original, for an energy density of 0,5 J.cm*”^ . Measurements made
using a majority carrier pulse encompass a depth region which is below the 
estimated melt depth of about 0.5/Am (for an energy density of 0.5 J.cm ^).
This estimate is made from results published by Badawi et. al,^^^^^ which 
indicated that melt depths were about 0.2^m and lo4yum for energy densities of 
0.2 and 1,4 J.cm~^ respectively, with the additional assumption that the melt 
depth increases linearly with increasing energy d e n s i t y ^ . The current 
injection pulse, on the other hand, allows measurements to be made within the 
region that melted.
The I-V characteristics and results from the In I versus 1/t measure­
ments can be explained using the model shown in figure 6,4. The I-V 
characteristics were ohmic after laser annealing with no post-anneal etch in 
HCl, and this is probably due to a metallic layer at the surface formed by 
the Ga precipitates^^^\ After etching,most of the Ga is removed, however 
it is likely that some of the Ga precipitation remains and this may give rise 
to metallic conduction through the junction barrier as suggested by the In I 
versus 1/T measurements. The highly doped surface layer (n^) shown in 
figure 6.4(a) may be related to loss of Ga by precipitation, the excess As 
behaving as a donor as discussed in the previous section. R.B.S, measure­
ments, before and after etching in HCl, are in agreement with this, indicating
an increase in decomposition with increasing laser energy and the presence of
(l03^excess surface As after removing the Ga precipitates '. The decomposition
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which occurs in the melted region may also result in a loss of electron 
carriers corresponding to an n" or p-type layer associated with excess Ga, 
as shown in figure 6.4(a). The measured decrease in the carrier concentration 
in the depth region defined by the majority carrier pulse, which corresponds 
to the n region, is supporting evidence for this model.
A junction structure of the type shown in figure 6.4.(a) could give 
rise to the band bending shown in figure 6.4.(b). The A1 forms an ohmic 
contact to the n^^ region and a potential hump in the conduction band between 
the degenerate (n^^) and lightly doped regions is created by the n or p-type 
layer. The asymmetry in the donor concentration on either side of the barrier, 
gives rise to an asymmetry in the I-V characteristics. This diode model is 
based on ideas relevant to the majority carrier camel diode described by 
Shannon^^^^). The barrier height is determined by the degree of decomposition 
resulting from the laser anneals; the higher the laser energy density the 
greater the decomposition and hence the greater the barrier height.
High concentrations of traps were^measured, after laser annealing V.F.E, 
GaAs, using a current injection pulse and the previous discussion suggests 
that these traps exist within the region which melted. Thus it seems that 
the effect of melting plus rapid quenching introduces large quantities of 
relatively shallow levels within the melt region.
The total trap concentration was calculated to be at least comparable 
with the background carrier concentration ('^lO^^cm ^), however, there are 
limitations to this measurement. The range of levels observable were between
0.2 and 0.9eV, measured from the conduction band, thus shallow electron traps 
will be excluded from the measurement. It is possible to estimate trap 
concentrations only up to a value equal to the background carrier concentra­
tion. It is probable therefore, that the actual trap concentration in the 
melt region is greater than that of the background. Finally the inability to 
resolve levels which are close in energy adds to the uncertainty in the value
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of the total trap concentration.
Low concentrations of traps were observed outside the melt region 
where presumably the temperature was sufficiently high enough to anneal out 
the A-centre. If the A-centre is related to Ga vacancies then the reduction 
in its concentration in the depth region defined by the current injection
pulse (see figure 6,4.(a)) corresponds to the excess Ga in this region.
The loss of carriers and the disappearance of the A-centre outside the 
melt region are probably related to local re-ordering of impurities and 
defects at the high temperatures reached during annealing. Any significant 
movement of impurities is impossible during the very short melt times of 
typically 2 0 0 n s f o r  a laser energy density of 0.5 J.cm"’^ . Movement of 
the sulphur dopant from its lattice site is unlikely due to its low concentra­
tion and high solubility. Local re-ordering of native defects seems to be the 
most plausible explanation, possibly accounting for both the reduction.of the 
A-centre (i.e. a decrease in the number of Ga vacancies) and the loss of free 
carriers. The results discussed above, have been presented in recent
Significant reductions in the concentrations of the 0.56eV level and 
the A-centre were measured in bulk GaAs after laser annealing. However, 
unlike the V.P.B, material, high concentrations of traps were not observed 
within the melt region. Yuba et, al,^^^^^ obtained similar results with their 
bulk GaAs. The reason for this difference between the V.P.B. and bulk material 
is not understood although it may be that the trap concentrations after laser 
annealing are dependent on the concentration and nature of the defects and
impurities in the starting material.
6.2.4 Comparison of thermally and laser annealed Se^ implants
The results after thermally annealing low dose Se^ implants were very 
similar to those for thermally annealed unimplanted GaAs. The results have
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also been very variable, this being attributed to variations in the quality 
of the encapsulants. In many cases the Si^N^ encapsulation layers were of 
poor quality as discussed in section 6.2.2.
In most instances the implants followed by thermal annealing produced 
high n-type electrical activity and for good encapsulants only small changes 
in trap concentration were observed, as was the case for thermally annealed 
unimplanted V.P.B. GaAs. In a few cases a level at 0.55eV was detected and 
this is similar to the level E3 (see table 6.l) which is related to damage 
caused by proton and electron i r r a d i a t i o n ^ ^ ^ ^ G e n e r a l l y  however, 
the only effect of the combined implantation and anneal process was a slight 
reduction in the concentration of the A-centre. These results are in agree­
ment with the findings of Jervis et. who show that after implanting
silicon and subsequent thermal annealing, the total density of traps is not 
changed significantly. They have shown, however, that if the silicon is 
implanted through the encapsulation layer then the trap concentrations are 
greatly increased after annealing.
The effects of laser annealing the low dose Se^ implants were very 
similar to those for laser annealed unimplanted GaAs. High concentrations 
of traps were observed within the region of melting and the decrease in the 
carrier concentration showed that the selenium had failed to become 
electrically active.
Hall effect measurements have shown that there is a large number of
carriers removed from the region of melting during laser irradiation^
For background carrier concentrations up to SxlO^^cm all of the free
carriers are removed from the near surface region. Similar results have
been obtained r e c e n t l y f o r  pulse electron beam annealed GaAs for carrier
18 -3concentrations up to 2x10 cm , Since the results of annealing implanted 
GaAs with a Q-switched ruby laser and with a pulsed electron beam are very 
similar^^^^\ then it is concluded that laser irradiation is also likely tc
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18 —3remove carrier concentrations up to at least 2x10 cm ' • This effect can
explain the failure to activate ion doses up to lO^^cmT^ by laser annealing
For a typical implant energy of 500keV and dose of lO^^cm""^ and
taking into account profile broadening of the selenium due to diffusion and
loss of dopant by evaporation as discussed by Emerson et. al.^^^^\ a net
18 —3peak atomic concentration of the order of 5x10 atoms cm ‘ results. The 
carrier removal effect can hence result in compensation of any selenium atoms 
which become electrically active. This carrier removal may be due to compen­
sation by the large concentration of traps in the region of melting. The
trap concentration was measured to be at least equal to the background carrier
15 -3concentration, of the order 10 cm , but is probably larger as discussed in 
section 6.2.5.
For doses greater than lO^^cm ^ electrical activity of the order 10 to 
40/u is achieved but in these cases the electron mobilities are always lower 
than e x p e c t e d ^ T h e  high concentration of traps in the melt region may 
account, at least partially, for this where the mobility values correspond to 
an ionised impurity concentration of the order lO^^cm ^ as predicted
from the data of Sze and Irvin^^^^^.
6.2.5 Thermally annealed 0^ implants
After O"^  implantation followed by a thermal anneal at 75C°C, a deep 
level at C.79eV was introduced but its concentration did not account for the 
carrier compensation that resulted* The spatial position of the trap was 
found to correlate with the region of carrier compensation and hence this
level might be attributed to the oxygen impurity. For an implant dose of
T? —? 1410’ cm the concentration of the trap is about 6x10 cm at the L.S.S. range
and this value is at least one order of magnitude less than that of the peak
concentration of the implanted oxygen, as calculated from the theoretical
range distribution. This discrepancy might be explained by assuming that net
all the implanted oxygen plays an active role. For instance if substitutional
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oxygen is responsible for the level then its low concentration may be due to 
only a small percentage of the oxygen becoming substitutionally sited,
A similar level was observed after laser annealing unimplanted material 
in an oxygen atmosphere and this suggests that the 0.79eV level is attributed 
to the oxygen impurity rather than being associated with implantation damage,
A deep donor level at approximately 0.75eV has for a long time been 
associated with oxygen, see for example Milnes^^^^^. The role of oxygen in 
GaAs is at present highly controversial. Since high resistivity material was
(117)first produced by growth in an oxygen atmosphere in 1961 , it has been
assumed that the oxygen dopes the GaAs, the implication being that it enters 
the lattice substitutionally as an electrically active impurity, and a deep 
level results which is attributed to its presence on arsenic sites. This 
identification has as yet not been verified.
In the past this level has been confused with the A-centre, the latter
often being attributed to oxygen. As shown here, two separate levels exist, 
one at about 0,79eV and the other at 0,83eV (A-centre). Yuba et. al,^®^^ 
have also clearly identified two levels which are in close proximity, the 
0,79eV level (BLI2) being introduced by ü"** implantation (see table 6,l).
Wallis et. al,^^^^^ have studied the effects of oxygen injection during V.P.E, 
growth of GaAs and have shown both these levels to be present. They find, 
however, that neither level correlates directly with the amount of injected 
oxygen.
The implantation of 0^ at doses of 5xl0^^cm ^ into V.P.E. GaAs
produced a significant increase in the concentration of the A-centre, This
increase might be explained in terms of a reduction in the number of As 
vacancies. If the oxygen occupies As sites then there will be a reduction in 
the number of As vacancies (V^^) following the 750°C anneals and hence a 
corresponding increase in the number of Ga vacancies (V^^) since the product 
j^VgJ,j^V^J is a constant at a given temperature^^^^^. If the A-centre is
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related to Ga vacancies then an increase in its concentration will occur.
The reduction of the A-centre in the region of the implant towards the 
surface may be attributed to the effect of the thermal annealing process as 
discussed in section 6.2.2.
In all cases none of the observed traps were found to account for the 
compensation of the free carriers. It seems likely that the implantation of 
oxygen results in the introduction of many levels within the band-gap and a 
large percentage of these may lie outside the range of the D.L.T.S. measure­
ment. Deveaud et. al.^^^^^ have also shown that the levels created by O"^  
implantation depend on the impurities and defects that are present in the 
as-grown material. They suggest that implanted oxygen may not necessarily 
act as an isolated substitutional impurity but may be related to the defects. 
This would account for the variations observed in the results using different 
starting material.
6.2.6 Minority carrier traps
6.2.6.1 Schottky barrier diodes
In many instances minority carrier traps were obseryed (negative 
D.L.T.S. peaks) using Schottky barrier diodes formed to either thermally or 
laser annealed GaAs. Their detection is thought to be associated with the 
loss of free carriers near the surface following annealing.
Consider a hole trap of energy 2^ in n-type GaAs which lies below 
the middle of the band-gap (Sh) i.e. 2^<Eh where e^».e^ (see equations 
2.15) and 2.8)). Under thermal equilibrium conditions,for zero bias the trap 
will be full of holes in the region where 2 ^ > E p  and empty of holes (full of 
electrons) where as shown in figure 6.5.(a). The Fermi level, E^, is
normally positioned at about one third of the band-gap (measured from the 
valence band) at the metal-GaAs interface, this position being governed by the 
surface state density'' ’. It is therefore possible for traps near the centre
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of the band-gap, but below E^, to be filled with holes in a narrow surface 
region close to the interface. The effect of a reverse bias on the charge 
occupancy will in this instance be minimal, A lightly doped n region near 
the surface, shown in figure 6,5.(b) has the effect of reducing the amount of 
band bending in the equilibrium condition (zero bias) and this in turn 
increases the depth to which the hole traps are filled. This situation can 
be further enhanced by forward biasing the junction, shown iri'figure 6,5.(c). 
Application of a reverse bias in these cases causes the traps to empty of 
holes to an increased depth in the region where the trap energy lies below 
the quasi hole Fermi level, (figure 6,5. (d)).
As was shown in chapter 5 section 5.2,2., the effect of a current 
injection pulse was to increase the height of the negative D.L.T.S, peaks, 
this corresponding to an increase in the number of holes emptying from traps; 
this is supporting evidence for the above model,
6,2.6,2 Zn^ implanted p^-n diodes
Thermal annealing at 700°C of high doses of Zn"*" implanted at energies 
of 60keV into n-type GaAs resulted in abrupt p*-n junctions of high quality. 
After laser annealing at an energy density of 0.5 J.cm non-abrupt junctions 
were obtained and this may be due to broadening of the Zn^ implanted profile 
during the period of melting. Alternatively loss of carriers in the junction 
region due to the annealing process may give rise to the linearly graded 
properties of the junction.
The Zn^ implanted diodes were used to demonstrate that minority as well 
as majority carrier traps could be observed by applying a current injection 
pulse to this type of structure. By increasing the injection current a 
saturation point was reached, this corresponding to the complete filling of 
hole traps within the reverse bias depletion region.
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6.2.6.5 Summary of hole traps in li-tvpe GaAs
The main hole traps found in n-type GaAs, resulting from this work, 
are listed ifi table 6.2, The traps were measured using either Schottky 
barrier or p*-n diodes, (indicated in the table) and are compared with traps 
referred to in other publications; the labels used have been designated by 
Mitonneau et. al,^^^^. Two of the levels at 0,6leV and 0,46eV are similar to 
levels 0.64eV and 0,44eV respectively, measured in p-type GaAs by Hasegawa
(75)et. al, -, These are both common levels in GaAs as is indicated by the
(75)number of references given in the table, Hasegawa et. al,• ■ attribute the
0,44eV level to impurities out-diffused from the highly doped n"*" substrates 
used in their experiments. They attribute the 0.64eV level to native defects
Table 6.2 Hole traps in n-type GaAs(Measured from the valence band)
Activation energy AH (eV) Capture crosa-^ section cr (cm ) Comments Possiblecomparisons
0.61 1.9x10"^^ Schottky barrier. H32?^ '^ 5)
3.1x10“ ®^
After T.A.
0.46 . 
\
Schottky barrier. Se*implantation + T.A.
0.56 \ 4.5xlO"15 p*-n diode. Zn*? implantation + T.A. Hj^ 9,(ll)0.76 J 1.1*10“^^ p*-n diode. Zn* implantation + L.A.
0.41 ^ 9.7x10-15 Schottky barrier. Se*implantation + T.A.
suggesting that it is possibly related to As vacancies
As seen from the D.L.T.S, spectra shown in chapter 5, the 0,61eV level 
was only observed in samples where the A-centre was present. It is possible 
that the 0,61eV level is the same as the A-centre (0,83eV) since the sum of 
the energy values gives the approximate band-gap energy of l,44eV, If this is 
so then the 0,6leV level might be related to Ga vacancies; this is in contra­
diction to the conclusions of Hasagawa et. al. Their level however, may not 
be due to the same defect as the one discussed here.
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6,3 Summary of trap parameters in GaAs
The main electron traps in n-type GaAs, as presented in chapter 5, 
are listed in table 6,3 (labelled USl-USV), These are compared with the 
levels discussed in the review of section 6,1, The Arrhenius plots for each 
are compared in figure 6,6. The slopes giving the activation energy are in 
all cases in fairly good agreement. The displacement in most cases can be 
directly accounted for by the experimental uncertainties. However, systematic
Table 6.3 Electron traps in n-type GaAs(Measured from the conduction band)
Label Activation energy 
AE (eV) Capture crosa- section (cm ) Commenta Possiblecomparisons
U31 0.83 3 .6 x 10"^5 A-centre .
Vca?
EL?(l^)=ETl(76)
=E S l(75 )= 4B 2(77 )
US? 0.36 1.0x10"^^ As-grown bulk. Mechanical damage. E L6(l^)=E T2^^^)
U33 0.25 2.7x10-15 EL8(87)
US4 0.54 5.4x10-15 EL3^1^^=S3^®1^
US 5 0.35 8.1x10-15 Ion implantation 
damage .
63(94).L-6(85) 
. 34(81)
US 6 0.49 9.1x10-14 0 impurities after T.A.(9U0°C). EB5=M4(92)
US7 0.79 7.2x10-15 0 impurities . 0* implantation.0^  ^?
EL1?(1^)=L-2(® 5)
errors in both the measurement of temperature and the trap response time for 
different research laboratories will add to these uncertainties. The measure­
ment error can be further increased in cases where the trap concentration was 
low compared with the background carrier concentration, or where there were 
two or more levels in close proximity.
The approximate relative positions in the band-gap of the main electron 
and hole traps, listed in tables 6,3 and 6.2 respectively, are shown in figure 
6,7. The electron traps are indicated by a transition line to the conduction 
band and hole traps by a transition line to the valence band. It has been
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assumed that all the electron transitions, for the electron traps, are to 
the lower conduction band minimum (F minimum). Majerfeld et. al. have
evidence from C-V measurements that this may not be so in all cases. In 
particular they suggest that the A-centre in GaAs emits electrons to the 
upper conduction band (L minimum). White et. al,^^^^^ have also reported 
that photocapacitance measurements on GaAs under hydrostatic pressure suggest 
the dominance of optical transitions from levels to the higher L and X minima 
rather than to the F minimum.
—  156 —
CHAPTER 7 
CONCLUSIONS
7,1 Summary
The effects of ion implantation and the associated annealing processes 
on the deep levels in GaAs have been examined. The experiments have been 
primarily concerned with characterising levels in terms of their activation 
energies and capture cross-sections and measuring their concentrations before 
and after processing. None of the experiments were specifically designed to 
identify the actual impurities or defects that are responsible for the 
measured energy levels. The results however, do suggest that the A-centre in 
GaAs is due to native defects, possibly gallium vacancies, this being the 
currently accepted identification. Furthermore, the 0.79eV level has been 
identified as a deep donor and appears to be related to the oxygen impurity 
since it has been observed in both oxygen implanted GaAs and in unimplanted 
GaAs after laser annealing in an oxygen atmosphere. It seems likely that this 
level is attributed to oxygen on arsenic lattice sites, however this has not 
yet been verified.
A brief summary of the main results and conclusions are listed:-
1) The dominant electron trap in as-grown bulk and V.P.E. GaAs is a level 
at 0.83eV (A-centre).
2) Thermal annealing of V.P.B. GaAs at temperatures of 800^0 and 90C*^C, 
using a good quality Si^N^ encapsulant, produces no significant change in trap 
concentration. For most applications this is likely to be a desirable feature 
of this annealing process. Large changes in the trap concentration and free 
carrier concentration occur during annealing with a poor encapsulant,
3) Pulsed laser annealing of V.P.E. GaAs with energy densities in the 
range 0.3 to 1.2 J.cm“^ creates high concentrations of traps in the region of
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melting, these being associated with the decomposition that occurs. This 
would therefore appear to be an unsuitable annealing process for the active 
regions of most devices. The notable absence of traps outside the melt 
region might be of importance and worthy of future consideration,
4) Low dose ( ^  3xl0^^cm 8e^ implantation plus thermal annealing 
produces no significant change in trap concentration, as for unimplanted 
thermally annealed V.P.E, GaAs. Post-implantation laser annealing creates 
high concentrations of traps in the region of the implant. This may account 
for, at least in part, the lack of electrical activity for low dose implants 
( ^lO^^cm and for the low mobilities associated with high dose implants.
“i* X2 **2 1*5 25) 0 implantation with doses in the range 1x10 cm to 5x10 cm plus
thermal annealing introduces a level at 0.79eV. Implantation at doses of 
5x10 'cm into V.P.E. GaAs produces a significant increase in the concentra­
tion of the A-centre. This might be attributed to a reduction in the number 
of arsenic vacancies and a corresponding increase in the concentration of 
gallium vacancies. The measured total trap concentrations do not account for 
the compensation of the free carriers.
6) Minority carrier traps are observed using both p*-n and Schottky 
barrier diodes. Their detection in the latter is explained by the presence
of a lightly doped surface region corresponding to loss of free carriers after 
annealing.
The D.L.T.S. measurement has proved to be a useful tool for the study 
of ion implanted GaAs. Two methods of trap profiling have been employed and 
these are shown to give results which are in good agreement. Modifications 
to the signal processing have resulted in significant improvements in both 
the sensitivity and resolution of the D.L.T.S, measurement.
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7.2 Future work
A number of interesting areas for future work are evident; two of 
these are perhaps of immediate interest
1) In the area of pulsed laser annealing it is important to discover 
whether or not the high concentrations of traps in the region of melting can 
be reduced by post-irradiation annealing at low temperatures, say below 600°C* 
In general thermal annealing improves m o b i l i t i e s a n d  this may be due to 
the removal of traps during the heating process. Preliminary experiments in 
this context have shown that mobilities are improved by laser irradiating the 
samples with their substrates heated to 2 0 0 ^ 0 Also of interest here is 
to examine further the effects of laser annealing in different gas atmospheres, 
the aim being to reduce surface decomposition and hence the associated trap 
concentrations. Decomposition can be significantly reduced by improving the 
spatial uniformity of the beam energy density using an homogeniser, as has 
been shown in recent work by Sealy et. It would therefore be of 
interest to carry out D.L.T.S. measurements on samples laser annealed using
a beam homogeniser.
2) There is a need to examine in greater detail the effects of energy, 
dose, and annealing temperature on the traps present after 0^ implantation. 
Positive identification of the 0.79eV level is required and the mechanism by 
which the concentration of the A-centre increases needs to be understood.
The levels responsible for the carrier compensation are as yet unidentified 
and this still remains a very important area for research.
Useful further modifications to the D.L.T.S. measurement include 
extension of the range over which trap energies can be measured and improve­
ment in the measurement accuracy. In the former, it would be of interest to 
extend the range to study shallower energy levels this being of particular 
importance for a detailed examination of the 0 implants. There are two ways 
of achieving this, the first is to measure shorter trap response times by
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increasing the speed of the capacitance measurement (see appendix II), the 
second is to carry out measurements at lower temperatures, perhaps down to 
the temperature of liquid helium. The accuracy in the measurement of 
activation energies and capture cross-sections can he improved hy measuring 
the trap response times over a greater range. Capture cross-sections can 
also he measured more accurately using short bias pulses of variable width; 
the method of applying these is discussed in appendix II. The interest in 
accuracy is to enable a trap measured before processing to be clearly 
identified after processing.
There are a number of variations on the conventional D.L.T.S. technique, 
some of which have been discussed in chapter 3,section 3*6. All of these 
offer possible advantages depending on the specific requirement and could 
form the basis of future modifications.
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APPENDIX I 
PROFILING OF DEEP LEVELS
1* Uniform shallow and deep level distributions
Consider the space charge region of a one-sided abrupt junction 
having a single shallow donor level of concentration N^ and an electron 
trap of concentration N^* A reverse bias voltage is applied to the 
junction and traps in the depletion region are assumed empty. Reduction 
of the bias to voltage and subsequent return to allows the traps to 
fill. Due to the effect of the transition region X , traps are filled 
and emptied in the shaded region shown in figure 1 where the net charge 
distribution N(x ) varies with distance x from the junction.
N(x)
D‘“
Traps empty
N(x)
Traps full
Fig. 1
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The transition region X can be calculated for a trap at energy by
integrating Poisson*s equation over the region W-/\<Cx <1*1
2e(Bp-Ej,)
1)
For and for small A the trap concentration can be obtained from
the measurement of capacitance as follows:
For traps empty
2(Vo+Vg) 2)
For traps full
= A
5)
Combining equations 2) and 3)
4)
can be determined provided is known. Cancellation of the diffusion 
potential Vq in the above is valid provided the measurements are performed 
at the SEime temperature.
For <S: Njj equation 4) approximates to
N„ 2AC
C 5)
where AC = C - C„ e f
If the condition cannot be applied, then a correction factor is
required:
AI-3
Correction factor
Poisson's equation in one dimension:
M  _ -e N(i ) dx S
For traps empty
E(i) = « 2 - A 4- ■ e(Njj-N^)x ^2
£ 0 é W - A
The voltage across the junction is given hy
^2 “ ’2 .V = Vo+Vg = ^ r  eNj^ x dx + ^ T
* 2 - A
e(Njj-N^ )x.dx
. -2Ny*2A+ KjjWj ^
Likewise for traps full
"d V  ’“tV  +
can be obtained from
• Î1 ■*T ^  " ^ T  V l
Solution of these equations yields complex expressions for capacitance 
where
C _ = £ A and 0 = £• A
However neglecting the effect of A and combining the above equations, 
is given by
2 AC 6)
where V = - V.p R t
and where AC C^,
AI-4
2. Non-uniform distributions
The D.L.T.S. technique defines a measurement window whereby 
individual traps at different energies can be resolved. Figure 2 
shows the transient response for three electron traps having activation 
energies AB^, AE^ and AE^. At a given temperature, these will have 
relaxation times T and where it is assumed that
Heasûrement 
windowC(t)
ACACi
AC
Fie. 2
The trap concentration for AE^ is given by ^  ^  2 AC , from section 1,
for spatially uniform trap and shallow level concentrations.
Two methods of profiling AE^ using D.L.T.S. to obtain K^(x) are 
described:
2.1 Method 1 (Lang^^^^)
The small signal capacitance of the junction is given by
C = t A  
W 7)
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À small change in this capacitance AC is given by
=0
- AW 
¥ 8)
AC is calculated by determining how the width of the depletion layer 
changes when there is a change in the density of trapped electrons. Let 
be the concentration of fixed charge at the edge of the depletion layer.
If there is a change in charge density eAn(x) due to an increase in the 
number of trapped electrons n(x), the edge of the depletion layer will be 
altered by AW, If the junction is assumed to have a fixed bias then the 
voltage drop across the junction will be unchanged by the perturbation.
N(x)
An(x)
AW
F i g ^
AW is calculated by taking An to be a narrow distribution of charge 
located at x and having a width Ax. (See figure 3)-
AV :: e n ( x )  , X  . A x
From the above requirement AV = 0
0 = e . N- W . AW - ^ . A n(x) x . Ax
a ^ 6
9)
Nj^AW.W = An(x) . Ax.x 10)
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substituting into equation 8),
Ac = - An(i) , A X. X
For a general distribution in the increase in trapped charge
W
AC = 
C
X . dx20
11)
This is valid provided A C C
Now applying a voltage pulse as shown in figure 4
V
dx
V
Ov-
V(t) I I J --- W
- f -
- - - - - - - - - - - - - - - - - - 3
Fie. 4
& ( A C )
C
Capacitance at x
Sv.
12)
eHp (Xg) A i  x^
^V_
LAI
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Combining this with equation 12)
ij
15)
There are two methods of profiling using this equation:
1. Keep W constant and vary the pulse height.
2. Vary W and keep the pulse height constant# In this case the 
pulse height must be changed by for each value of W,
A profile of N^(%^) can be obtained provided Nj^(x^) is known.
2.2 Method 2
This method uses the conventional C-V profiling equation
AV- AC 
.5 £ eA^K(x)
A small change in the applied voltage AV produces a small change in the 
depletion width A x
AV îîr eN(x) X A X 
£
where N(x ) is the net space charge distribution (See figure 5)*
N M
Fig. 5
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N(x ) = Njj(i) - N^(x) in the presence of deep traps.
Combining this with ^  = -Ax
C X
- Ac AV 14)
Measurement of AC and C for AV  yields the net space - charge 
concentration. Using a voltage pulse as shown in figure 6) and 
referring to figure 2)
AC
C
AV
é eA
15)
Ov
Vt
AV
and - AC 
0
2 =  
3
AV
£eA2[Njj(x)-Njj(,^ 16)
where ^^d are trap concentrations for energy levels B,T2
and respectively,
Profiles of N^fx) -N^g(x) -N^^(i)J and |3^(x) -N^^(x)Jcan be derived 
by varying the d.c, voltage bias V_ and measuring AC^ and AC^ for AV.
AI-9
The difference in these profiles gives the trap concentration profile
T2 (*) == AV teè?
,c5
= '"t
AC^ = '^ t ce
AV =
 L_ - _JLACg AC^ 17)
No prior knowledge of the shallow level distribution N_(x) is required,
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APPENDIX II 
CAPACITANCE MEASUREMENT (BOONTON 72B)
The Boonton capacitance meter type 72B provides three-terminal and 
differential capacitance measurements from 0.01 to 5000pf. The analogue 
output voltage is Iv at full scale deflection (f.s.d.) on the Ipf, lOpf etc, 
ranges and 3v f.s.d. on the 3pf, 30pf etc. ranges. The IMHz 15mV r.m.s. 
test signal is suitable for the measurement of the depletion capacitance of 
semiconductor junctions and there is provision for the application of a d.c. 
voltage bias to either or both terminals of the sample under test. Finally 
phase-sensitive detection permits the measurement of low-Q devices down to 
as low as Q=l.
A simplified schematic diagram of the instrument is shown in figure 1, 
The output of the IMHz oscillator appears across the secondary of the 
transformer whose centre-tap is at r.f. ground. The ’difference’ terminals 
can be used to balance out stray capacitance or alternatively to remove a d.c. 
capacitance component such as in the case of a transient signal. When a 
sample is connected between the Lo and Hi ’test’ terminals a current, 
directly proportional to its susceptance, flows through the low-impedence 
series-resonant LC circuit to ground as shown in figure 2. The series 
resonant circuits for each range are selected by range switching circuits.
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Fig. 2
The transfer function
(l-LC ^ )+C /CO C X
At resonance co = 1
LG
The resultant voltage appearing across the capacitive part of the 
series circuit, V^, is applied through a tuned amplifier to a phase sensitive 
detector (P.S.D.). The P.S.D. gated by the oscillator converts the IMHz 
signal to d.c. and applies it to the d.c. amplifier section at the output.
The effect of conductance G in parallel with 0^ modifies the transfer 
function.
1-C L(/ + C jco/G0 o
1+C^ jto/ G
At resonance &  = 2% - Æ .V. C C to1 0  0
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The in-phase component of is proportional to and the P.S.D. is used to 
select out this component.
The P.S.D. has other advantages. It is desirable to keep the applied
a.c. voltage sufficiently low so that any point on a capacitance versus 
voltage plot can be measured with the required accuracy. The voltage is 
always considerably less than and so the measuring equipment usually has 
to recover this signal from noise. The narrow band properties of the P.S.D. 
enable it to enhance the signal to noise ratio while at the same time 
producing negligible d.c. offset due to noise voltages.
The effects of series and parallel resistance on the capacitance
measurement, the latter corresponding to leakage in the case of a reverse
biased semiconductor junction, are shown in figure 3« These curves were
obtained from measurements using nominal values of capacitance, equals
50pf and lOOpf. Resistance boxes were used to vary the series resistance
and the parallel resistance R •P
Voltage bias circuits 
1. D.C. bias
For normal reverse bias C-V measurements on semiconductor junctions 
the Hi side of the 'test' terminals is connected to the device substrate and 
the Lo side to the contact area (For metal/n-type Schottky barrier or p"*-n 
junctions). A variable d.c, bias is applied to the instrument bias circuits 
as shown in figure 4.
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TEST
■<
I
BIAS
Fia. 4
2, Pulsed bias
The internal bias circuits of the Boonton capacitance meter need 
adequate by-passing for the IMHz test signal and are unsuitable for the 
application of short bias pulses. Provided, however, the rise and fall 
times of the pulses are not less than about 200/is then pulses may be applied 
via these circuits for the purpose of transient capacitance measurements.
2.1 Normal bias pulse
This type of bias is used for generating majority carrier pulses for 
use in the D.L.T.S, measurements. A pulse generator is used in conjunction 
with a variable d.c. voltage supply, see figure 5»
Lo lOOyuF
BIAS
pulse X
Fig. 5
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2.2 Current injection pulse
This type of pulse is used for current injection measurements in the 
D.L.T.S. experimentso The capacitance meter is gated-out for the duration 
of the pulse to avoid the problem of measurement associated with the high 
shunt conductance of the test diode during forward bias, (see figure 5)* 
The switching of the capacitance meter is implemented using two reed relays, 
and in figure 6. The reed relays have negligible series resistance 
during 'make' and hence have no effect on the measurement of C^.
5105?
■AMMA-
y .
Lo<
Lo
BIAS
/ I  Lir
TEST
Nfonitor
point
Hi
X  .
Fie. 6
These relays (R.8* D.I.L. form A) have a response time typically of the 
order 0.3ms, The relays are switched using a pulse generator and delay 
circuit as shown in figure 7.
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3o
100k —'WWV— 1/kF 100k ly — w v w  \50-Î1
+ve pulse
The delay circuit ensures that the capacitance meter is never connected to 
the test diode while the latter is forward biased. The pulse waveforms for 
the activation of and are shown in figure 8 for a typical pulse width 
of 2ms.
Pulse generator
Activation
current L2
Activation
current Li
2 ms—>
_0'2ms
02ms'
N.B. Reed relays 
are normally 
open unless 
activated.
Fie. -8
The forward injection current is set using a variable voltage supply and by 
observing the voltage at the monitor point, shown in figure 6.
2.3 Short bias pulses
Where there is a requirement for short bias pulses ( e.g. pulse 
widths <  1ms) then these must be applied through external circuitry such 
as is shown in figure 9.
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If the impedance of the pulse transformer secondary is small relative to 
then the test diode is effectively in series with a resistance of R^R^
Rl+R^
Provided this value is less than about I/5 the reactance of the test diode, 
at IMHz, then the series resistance will be ignored by the P.S.D. (see 
figure 5)* The ratio of the two resistors, and their absolute values, will 
depend upon the pulse transformer and its load matching requirements, as 
well as the nature and magnitude of the pulse needed for bias.
Response time
The specified rise time of about 1ms for the capacitance meter can be 
reduced to less than 0.2ms by either removing or changing the output 
capacitor shown in figure The cost of removing this capacitor is
an increase of lOdB in the r.m.s. noise at the output.
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APPENDIX III
CORRELATOR ELECTRONICS
IIIA 'Killer'Correlator
1. Correlator function
V r
The reference function is an exponential waveform given by 
(t) K V^eip("’^ '^^ r) • Correlation is based on the multiplication of the 
input experimental signal v^(t) = V^exp("^^'t's) with the reference followed 
by integration. In order to force the correlator to go through a peak 
value, the input signal is modified using a 'base-line restorer', to give
^s (t) = V exp(~^^s)-V_exp( ^ ^^4%)
This is equivalent to sampling the signal at time t=kZ^ and subtracting this 
value from the input.
The correlator function is given by
= A . V^exp("'^4r).\ ®2cp('’‘^ /rg)-expC"^ V ^ ^ d t
= ANr V V r r s *
This goes through a peak at when k = 2.1.
At the correlator peak R^_( Z  ) = AN T V V (exp(-k)-l)‘"KS b  max r 8 r / /
2
where is the signal amplitude at t=o^
and V is the reference " " "
^ (see figure 5)
A is the gain of the correlator
= k' AC(o) where k* is the gain factor of the capacitance meter 
AC(o) is the amplitude of the capacitance signal at t=o^
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2* Input and 'base-line restorer* circuits
The circuits of the input and 'base-line restorer’ are shown in 
figure 1, The input filter stage has unity gain and a cut-off frequency of
6.5kHz and a roll-off rate of 12dS/octave. The requirement here is that the
cut-off frequency should be slightly greater than the maximum signal input 
frequency* The second stage is an amplifier with switchable gain, either 
A^ = xlO or A^ = x3*3* The sample and hold (S/h ) of the 'base-line restorer' 
samples the input signal at time t = 2.1T^ after each voltage pulse (see 
figure 5)* The s/H is followed by a IHz filter stage where the cut-off 
frequency is chosen to match the output D.L.T.S. temperature scan rate (see 
section 4)- The d.c. level from the filter is inverted and then summed with 
the input signal in a summing amplifier, the gain of the latter being xlO, 
Finally a gate control, implemented with a reed relay, is used to gate out 
the input signal for the duration of the voltage pulse. The timing waveforms 
for the logic commands indicated in figure 1 are shown in figure 5«
3. Reference function generator
The reference function generator consists of an R-C network where the 
resistance R is switchable as shown in figure 2. All resistors selected are 
to a tolerance of - 1^. The standard capacitor C is accurate to - 1% and 
thus the RC time constant is accurate to - 2^ &. An exponential waveform 
is generated where = -lOv, the reference voltage at t=o^ immediateley 
after the voltage pulse. A reed relay is used to reset the reference 
function to -lOv for the duration of the pulse (see figure 5)» Reed relays 
coupled with thumb wheel switches are used to select the required time 
constant The time constant can be varied from 1ms to 199ms in steps of
1ms.
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Thumb wheel switches
27051?
G-lyuF i1 %
-15v
r- ^d ddd—
Logic command 
(reference reset)
To multiplie]
Fig» 2 Function generator
4. Multiplier, integrator, and output circuits
The signal from the output shown in figure 1 is multiplied by the
reference function as shown in figure 3» The output of the multiplier,
which attenuates the product V x V by a factor 10, goes to the integrator.
^ ® 2,lNr^
The output of the integrator is given by 1 , f V.(t) dt
CE ^
where v^(t) is the input signal and C = l.OyuF and R = 100 kS?,
The integrator is reset after N cycles, see figure 5» where the number of 
integration cycles N can be set in the range 1 to 9 (see section 5)« The 
capacitor of the integrator is short circuited during the reset period where 
the discharge time is given by 105i x l.O^uF = lO^s, The output from the 
integrator is sampled, the rate being set by the value of The cut-off
frequency, 1.6Hz, for the output filter is chosen to match the maximum 
D.L.T.S. temperature scan rate. Assuming a maximum scan rate of 400°C in
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20 mins and a required measurement accuracy of - 0.5^ then the sampling 
rate must he greater than Oc6Hz.
From this section and previous sections the gain A of the correlator
is given by A = A^
OR
From section 1 ) % AN Z V V (exp(-k)-l)^RS s max r s r
2
and this becomes R__(Z ) = N T  V V A (exp(-k)-l)^RS s max r s r s ^
2CR
which reduces to R_„(t  ) = 58.5NTA VRS s max r s s
using the numerical values given in the previous sections,
5. Logic control
A schematic for the logic control circuits is shown in figure 4.
An oscillator provides the fundamental clock frequency of lOOkHz. Thumb
wheel switches are used to set the value of N and T .r
The correlator electronics does not incorporate any feedback from the 
pulse generator to initiate the timing sequence following the voltage 
excitation pulse. The timing sequence is therefore initiated using a 
variable delay which is set to match the pulse width, typically 2ms (see 
figure 5)• The variable delay is set so that the correlation process starts 
at the beginning of the experimental decay of the input signal and at the 
same time allows for the 1ms response time of the Boonton capacitance meter.
AIII-7
Reset
Set fr
Triqws T = 210/u'
Gate control 
Cfig.l)
Ref. reset 
(fig. 2),----
Trigger pulse 
gen. C-ve edgeIntegrate!rese?
(fig. 3)
■Del ay
o/p S/H
(fig.3)
Osc.
f T,f 10
-r 21
Variable
delay
Latch
Gate
Set N
Fig. 4 Logic control
The logic is implemented using C.M.O.S. logic gates and counters.
The timing wave-forms for the logic control are shown in figure 5» The 
delay of the order 0.3ms in the response of the reed relay switches, 
ensures that the input s/H has time to sample the signal before the latter 
is gated out.
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IIIB Peak Analyser 
1. High Sensitivity^
Ideal reference function
The ideal reference function, shown in figure 6^  is of the form
Fig. 6
V (t) = ^  (l-i )exp(“^^ )
where k is a gain factor 
The correlator function is given by 
8r s ("ï's )= fVgeip("t^r)Vy(t)dt
J ®
where is the signal amplitude at t=o ,
rr o
oo
fexpi ). (l- 1  ).dt
J  ^ r  r
Solution of this yields Rdc.(T ) = kV T TKS s s r s ,
)'
Digital approximation (126)
The ideal reference function is implemented electronically using the 
digital approximation shown in figure 7.
49
(The numbers on the time 
scale refer to clock pulses)
Fig. 7
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Implementation
Multiplication of the reference function and the input signal is 
achieved hy the sequential switching of resistors R^, R^ and R^ at the 
input of the integrator shown in figure 8. The effect is to scale the 
signal at the appropriate instances according to the digital approximation,
'out
Store
Pie, 8
Ignoring the effect of the feedback loop for the moment; the correlator 
function is given by
V_exp(~t/^)dt + 1__ V exp(~^^)dt-_l exp("^'l )dt
R^C J, s RgC J s R cj
Let R_ = k, R = Is  and R^ = ^__
1.5 4.9
than T,
kC
4.9-5-4exp(“^]^ )~2,5exp("^%^^ )+exp("~^^^ )
For a total cycle time T then
S  = iL'P. t = 1, t = T ■ ^ 3 6  ^ 4 ’
and T = T therefore 
^ 4
kC
4.9-3.4eip(“^  )-2.5eii(”-f )+ e x p ( )
ÎS
Introducing the feedback loop where is switched into the input of the
integrator for the cycle time T (see figure 7) then
V  ''ref.ftR C J
where is the stored value of from the previous cycle i.e,
''ref j = ''out(j-l)  ^cycles-
An equilibrium condition is defined where
=-J-
T.
V j
^out(j-l). dt = ^out(j-l)'^
RfC
This equilibrium condition acts as an integrator reset mechanism* Using 
this equilibrium condition,
4 .9~5.4exp(2Ü) - 2.5exp(~^r) + e x p C ^ Ü  )9 t rS  -I
Design
where T = 4 T , r
The gain of the correlator for maximum output when - T  is given by
Yput = ^  * 0-455
V k8
For a loop gain . lo
then = 0.0455
Rr
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Let R = 470k ^  then R_ = k = 4«4ki?,
4.9
R_ = k ss 14#3R^*
" 1.5
« k = 21.4kS2.
The product R^C defines the output filter response Z" of the correlator. 
Choosing C=3,5/wF then 1,6 secs.
2. High resolution^
Reference function
The reference function is of the form shown in figure 9* The 
correlator function is obtained by multiplying the reference function by the 
input signal and integrating .
xk
35 36
(The numbers on the time 
scale refer to clock pulses.)
t t +T
^RS^^s^ r  V8exp(~^/?s).o dt + f kV^eip('’^ '^^s)dt
2kV^exp( ' s)dt + kV^exp(~ '^e}dt
t +T o t +2T 0
Solution of this yields
Rg2(l'g)= kV^exp("V*^s) . lg(l-exp("^/%8^
For a peak output dRpc = 0 when Zg = fp 
d
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Therefore differentiating the above
- tT eip(T/?p)-1
is. i  then Tp = __
T 11 1.52
Implementation
This is performed as described in section 1 using the circuit 
configuration of figure 10.
Vc(t)
Rq-AWWW-
J_p> MAWW-
R
_>wvwv\-
'^ ref
Store
'out
Fig. 10
First ignoring the effect of the feedback loop then
t +2Tt +T 
0
. / r  . / t +3T ,/
p(” '^s)dt - 1 f  2V exp(” '^s)dt + 1 Ç  V exp(” 4 kt
' " ' X T  1  '0 o
Solution of this yields
=_Vs eip("*o/tg) , (l-6ïpC’''rj)
Introducing the feedback loop where is switched into the integrator
input for the time duration shown in figure 9.
t +3T
= »Rs(^s) ° f  Yrefdt
^ o
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An equilibrium condition is defined as in section 1. In this case
to+5T
f y  RfO
From this exp( ° 4 )  . ^^(l-eipC’’/ï's) P
R ”t o
where T = l,52<r
Resign
The gain of the correlator for maximum output when is
given by
^out = ff X 0.0793V R8 0
For a loop gain V  ^ = 10out
Vs
then R^ « 0.00793
%
Let R|: = 470k JZ then R^ = 3.7k .
3, Peak analyser electronics
The two reference functions, one for high sensitivity and the other 
for high resolution, are stored in a programmable read-only-memory.(P.R.O.M.) 
A switch is used to select the required correlator function as shown in 
figure 11. The gain of the correlator is switchable at the input, the gains 
being xl, xlO and xlOO, and the loop gain of the multiplier and integrator 
configuration for each reference function is xlO. The analogue switches in 
this configuration are C.M.O.S, type 4016 and these are switched according 
to the requirements of the digital functions as described. The variable 
resistors in figure 11 are used to set the correlator output to zero for a 
range of d.c. input voltage levels. Both reference functions are derived
AIII-15
from 36 pulses generated by a voltage controlled oscillator (V.C.O.) and 
the reference time constant, which is variable in the range 10ms to 100ms, 
is set in each case by changing the voltage on the V.C.O.
The sample and hold circuit acts as a store for the output of the 
previous cycle. The logic control produces a pulse at the end of each 
cycle to trigger the voltage pulse generator and the pulse from the 
generator is in turn fed back to the logic control to initiate the 
correlation process.
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